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ABSTRACT
Changes in  th e  th e rm a l p r o p e r t ie s  o f  foods were m easured a t  
cryogen ic  tem p e ra tu re s  produced by l i q u id  n i t ro g e n ,  and th e  q u a l i t i e s  
o f  foods coo led  and fro z e n  by t h i s  cryogen were e v a lu a te d .
E xperim en ta l ev idence o b ta in ed  from ch em ica l, b a c te r io lo g ic a l ,  
h i s to lo g ic a l  and o rg a n o le p tic  t e s t s ,  showed t h a t  th e  use  o f  l iq u id  
n itro g e n  as  a  cryogen f o r  th e  p r e s e rv a t io n  o f  foods r e s u l te d  in  
s u p e r io r  p ro d u c ts  when compared to  foods p re se rv e d  by c o n v e n tio n a l 
methods o f  r e f r i g e r a t i o n .  Comprehensive s tu d ie s  on s h e l l f i s h  showed 
t h a t  th e  s h e l f  l i f e  o f  b o th  shrim p and o y s te r s  was ex tended  e i t h e r
( l )  a f t e r  r a p id ly  f re e z in g  in  l i q u id  n i t ro g e n ,  o r  ( 2 ) a f t e r  u s in g  
l i q u id  n itro g e n  to  m a in ta in  tem p era tu re  f o r  r e f r i g e r a t i o n  o f  th e  
p ro d u c ts  u n t i l  b ro u g h t ash o re  f o r  p ro c e ss in g .
I t  was n e c e ssa ry  to  m easure th e  s p e c i f i c  h e a t  v a lu es  o f  o y s te r s  
and shrim p to  determ ine a c c u ra te ly  th e  volume o f l i q u id  n i tro g e n  
re q u ire d  to  c o o l a  g iv en  amount o f p ro d u c t to  a g iven  te m p e ra tu re .
The ex p e rim en ta l v a lu es  were compared to  th e  s p e c i f ic  h e a ts  o b ta in ed  
b y  computing th e  sum o b ta in e d  by  m u ltip ly in g  th e  h e a t  c a p a c ity  o f 
each  component o f  th e  food by i t s  w eig h t f r a c t i o n .  Knowledge o f  th e  
s p e c i f ic  h e a t  i s  e s s e n t i a l  f o r  d ev e lo p in g  m ath em atica l e q u a tio n s  f o r  
c a lc u la t in g  co o lin g  and thaw ing tim e .
The com bination  o f  th e  low b o i l in g  p o in t  -196°C (-520°P ) and th e  
h ig h  h e a t o f  v a p o r iz a tio n  ( 86 B .T .U ./lb )  o f  l i q u id  n i t ro g e n ,  p lu s  th e
v i i i
f a c t  t h a t  th e  gas ab so rb s  ab o u t 80 B.T.U. p e r  pound in  going from i t s  
b o i l in g  p o in t  to  0°F , make l i q u id  n i tro g e n  an econom ical r e f r i g e r a n t .  
A nother ad van tage  i s  th e  f a c t  t h a t  n i tro g e n  expands 6 0 0 -fo ld  i n  i t s  
tra n s fo rm a tio n  from  a l i q u i d  to  a  g a s , and t h i s  co ld  gas c o n s t i tu te s  
an e f f e c t iv e  medium f o r  c o o lin g  a l l  p a r t s  o f  an e n c lo su re .
i x
I . INTRODUCTION
F reez in g  te m p e ra tu re s  once f e a re d  by  mankind, have been co n v erted  
to  h is  advantage by  h i s  c o n tin u in g  in q u i ry  in to  t h i s  phenomina. W hile 
i c e - s a l t  system s were used  to  f r e e z e  foods in  th e  mid l 800 ' s ,  p a te n ts  
f o r  f re e z in g  f i s h ,  f o r  exam ple, were g ra n te d  to  H. Benjamin in  England 
in  18^2, and l a t e r  to  Enoch P ip e r  in  Maine in  l 86l  ( l b) .  The in v e n tio n  
o f m echan ical r e f r i g e r a t i o n  i n  th e  l a t e r  l 800 ' s  p ro v id ed  th e  b a s is  f o r  
subsequen t c o m m erc ia liz a tio n  o f  th e  p ro c e s s .  F rozen foods have become 
im p o rtan t item s o f  commerce (90$ o f  I c e l a n d 's  e x p o rt t r a d e  i s  f ro z e n  
f i s h )  and im p o rta n t food p re p a ra t io n  f o r  d in n e r  t a b l e .
The adven t o f  th e  p ro c e ss  known as  "Quick F re e z in g "  has  so lv ed  
many o f  th e  problem s in v o lv e d  in  p re s e rv in g  f r e s h  uncooked foods and 
a l s o ,  th o se  which r e q u ire  coo k in g , b u t  n o t over cook ing . By th e  
p ro c e ss  o f  qu ick  f r e e z in g ,  f i s h ,  m eat, p o u l t r y  and v e g e ta b le s  may be  
p re se rv e d  in  a s u b s t a n t i a l l y  raw , f r e s h  s t a t e ,  f o r  long p e r io d s .  Many 
fo o d s, p recooked to  a d e s ir e d  d eg ree , may be p re se rv e d  in  th e  same 
manner. Quick fro z e n  foods a re  th o se  w hich a re  p re p a re d  read y  f o r  use 
and th en  packaged, l a b e l l e d ,  and f ro z e n  in  consumer s iz e d  u n i t s ,  which 
rem ain unopened and s o l id ly  f ro z e n  u n t i l  pu rch ased  by th e  u l t im a te  
consumer.
I t  can n o t be s t a t e d  t h a t  any  one in d iv id u a l  i n  p a r t i c u l a r  in v e n te d  
th e  p ro c e ss  o f  u l t r a - r a p i d  f r e e z in g  w hich i s  th e  b a s is  o f  qu ick  f re e z in g .
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2.
In  th e  l a t e  1 9 2 0 's ,  s c i e n t i e s t s  and food te c h n ic ia n s  a l l  o v e r th e  w o rld , 
and e s p e c ia l ly  in  Canada, were s tu d y in g  methods o f  r a p id  f r e e z in g ,  and 
even th e  p o s s i b i l i t i e s  o f  su b -d iv id in g  th e  l a r g e r  p ie c e s  o f  food so t h a t  
th e y  cou ld  be more e a s i ly  fro z e n  and packaged. There i s  no doub t, 
how ever, t h a t  i t  was C larence B ird sey e  (8 3 ), who f i r s t  t i e d  a l l  th e  
d i f f e r e n t  f a c e t s  to g e th e r  and c re a te d  qu ick  f re e z in g  a s  a com posite and 
com m ercial form o f  food p ro c e ss in g . B ird sey e  a ls o  in v e n te d  a  f i r s t  
c l a s s  f re e z in g  machine which he c a l le d  'f r o z e n e r ' and w hich in  a 
m odern ized , b u t  n o t g r e a t ly  a l t e r e d  form , in  use to d ay .
C la ren ce  B ird se y e , and th e  o r ig in a l  B ird sey e  L a b o ra to r ie s  in  
G lo u c e s te r ,  M ass ., deserve  a g r e a t  d e a l o f  c r e d i t  f o r  th e  in t ro d u c t io n  
o f  t h i s  m erchandizing  system  in  th e  U n ited  S ta t e s .  T his method in v o lv ed  
th e  fo llo w in g  system s:
(1 ) The s e le c t io n  o f  s t r i c t l y  f r e s h  foods o f  th e  b e s t  q u a l i ty ;
(2 ) The p r e p a ra t io n  o f  th e  food f o r  th e  t a b le ;
(5 ) The tre a tm e n t o f  th e  p ro d u c t so as  to  p re v e n t d e te r io r a t io n
d u rin g  s to ra g e ;
(4 ) The compact packaging  o f  th e  food in  m o is tu re -v a p o r  p ro o f , 
s u b s t a n t i a l l y  a i r - t i g h t  packages;
( 5 ) The ra p id  f re e z in g  o f  th e  packaged food;
( 6 ) The s to ra g e  o f  th e  food a t  0°F o r  below f o r  n o t lo n g e r  th an
tw elve  m onths;
(7 ) The m erchandizing  o f  th e  s o l id ly  f ro z e n  p ro d u c t from  r e t a i l
d is p la y  cases  in  which i t  was h e ld  a t  0°F; and
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( 8 ) S u g g estin g  to  th e  housew ife t h a t  she h o ld  th e  p ro d u c t so lid ly - 
fro z e n  u n t i l  s e v e ra l  h ou rs  "before i t  was cooked.
From th e  above e ig h t  p o in t s ,  i t  i s  obvious t h a t  qu ick  f re e z in g  i s  
o n ly  one o f th e  e q u a l ly  im p o rta n t s te p s .  W ithout th e  o th e r  seven 
s te p s ,  th e  system  p ro b a b ly  would f a i l .
The advan tages o f  qu ick  f r e e z in g  o v er slow  f re e z in g  o f  foods may 
be summarized as fo llo w s :
(1 ) The i c e  c r y s t a l s  form ed a re  much s m a lle r ,  and th e r e fo r e  cause 
c o n s id e ra b ly  l e s s  damage to  th e  c e l l s .
(2 ) Less tim e i s  a llow ed  f o r  th e  d i f f u s io n  o f  s a l t s ,  and th e  
s e p a ra t io n  o f w a te r  i n  th e  form o f  i c e ,  becau se  th e  f re e z in g  p e r io d  i s  
much s h o r te r .
(3 ) S ince  th e  p ro d u c t i s  r a p id ly  coo led  down to  th e  f re e z in g  
p o in t ,  o x id a tio n  and o th e r  u n d e s ira b le  changes a re  h e ld  a  minimum.
(k)  The p ro d u c t i s  q u ic k ly  co o led  below th e  te m p e ra tu re s  a t  
w hich b a c t e r i a l ,  m old, and y e a s t  grow th o cc u r , th u s  p re v e n tin g  
decom position  d u rin g  f r e e z in g .
(5 ) A h ig h ly  p r a c t i c a l  rea so n  in  fa v o r  o f  qu ick  f re e z in g  o v er slow 
f re e z in g  i s  th e  in h e r e n t  speed and c a p a c ity  o f  th e se  methods f o r  
com m ercial p ro c e ss in g  p l a n t s .
The a n t ic ip a te d  d o l l a r  grow th r a t e  o f m ajor food c a te g o r ie s  f o r  th e  
p e r io d  1960-1975 "with an n u a l p e rc e n ta g e  in c re a s e  i s  p re se n te d  in  Table I .
TABLE I
A n tic ip a te d  D o lla r  Growth R ate  o f  M ajor Food 
C a te g o rie s  1960-1975 w ith  Annual $  In c re a s e  (4 )
A nnual R ate
P ro d u c t B i l l io n  o f  i 960 D o lla r s  o f  Growth
C ategory  i 960 1965 1970 1975 (1960-1975)
Meat P ro d u c ts  20 .5  2 3 .6  26 .9  31*1 2 .8
D airy  P ro d u c ts  12 .9  l b . 2 1 5 .4  1 6 .6  1 .7
P o u l t ry  and
Eggs 6 .6  7 .1  7 .3  7 .7  1 .0
Bakery and
C e re a l P ro d u c ts  9*5 10 .4  1 1 .2  1 2 .1  1 .6
F r u i t  and
V egetab les  1 4 .7  16 .5  18 .5  2 0 .7  2 .3
O th er Foods 6 .6  8 .2  1 0 .1  1 2 .2  4 .2
M eals Away From
Home 1 2 .0  1 4 .1  16 .2  1 8 .8  3 .0
TOTAL 8 2 .8  9 4 .1  105 .6  119 .2  2 .5
IX. REVIEW OF LITERATURE
Thermal P r o p e r t i e s  o f  Foods a t  C ryogenic Tem peratures
The d e te rm in a tio n  o f r e f r i g e r a t i o n  lo a d  f o r  a  f re e z in g  o r  s to ra g e  
p la n t  i s  dependen t on s e v e ra l  f a c t o r s .  I t  i s  on th e  b a s is  o f  th e  
c a lc u la te d  lo a d  t h a t  p la n s  may be made f o r  s p e c i f i c  m achines and 
equipm ent to  su p p ly  th e  n e c e s sa ry  r e f r i g e r a t i n g  c a p a c ity .
In  th e  f r e e z in g  o r  s to ra g e  o f foods a t  low te m p e ra tu re s  th e se  
o p e ra tio n s  ta k e  p la c e  w ith in  an in s u la te d  sp ace . I n s u la t io n  i s  on ly  
th e  p h y s ic a l  b a r r i e r  w hich red u ces  th e  t r a n s f e r  o f  h e a t  from th e  
r e l a t i v e l y  h ig h  tem p era tu re  a re a  su rro u n d in g  th e  f r e e z e r  to  th e  low 
tem p era tu re  a r e a  w ith in .  The number o f  B.T.U. p e r  hour p a s s in g  th rough  
one sq u are  f o o t  o f  w a ll  s u r f a c e ,  one in c h  th ic k ,  f o r  each  degree 
F a h re in h e i t  d i f f e r e n c e  in  te m p e ra tu re , betw een th e  two s id e s  o f  th e  
w a l l ,  i s  known a s  th e  'Therm al c o n d u c t iv i ty ' o f  th e  in s u la t io n  m a te r ia l  
(K ).
The s p e c i f i c  h e a t  o f  foods i s  re q u ire d  in  c a lc u la t in g  th e  
r e f r i g e r a t i o n  lo a d . Knowledge o f  th e  s p e c i f ic  h e a t  i s  a ls o  needed 
f o r  c a lc u la t in g  c o o lin g  and thaw ing tim e . C onsequen tly , th e  s p e c i f ic  
h e a t  o f a  su b s ta n c e  can be d e f in e d  as  th e  r a t i o  o f  th e  h e a t  re q u ire d  
to  r a i s e  th e  te m p e ra tu re  o f  u n i t  mass o f  th e  su b s tan ce  b y  one d eg ree , 
to  th e  h e a t  r e q u ire d  to  r a i s e  th e  tem p era tu re  o f  an eciual u n i t  mass o f 
w a te r  by one d e g re e . The s p e c i f i c  h e a t  o f  a  food  m a te r ia l  when th e  
tem p era tu re  i s  above f re e z in g  i s  th e  q u a n t i ty  o f  h e a t  in  B.T.U. t h a t
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m ust be removed to  reduce th e  tem p era tu re  o f  one pound o f  th e  p ro d u c t 
1°P. The s p e c i f ic  h e a t  a f t e r  f re e z in g  i s  th e  q u a n t i ty  o f  h e a t  in  
B.T.U. which m ust-be removed to  reduce th e  tem p era tu re  o f  one pound o f  
p ro d u c t by  1°P to  th e  s to ra g e  o r  th e  f i n a l  tem p e ra tu re . The l a t e n t  h e a t  
o f  fu s io n  i s  t h a t  q u a n t i ty  o f  h e a t  i n  B.T.U . w hich m ust be removed to  
cause a change o f  s t a t e  a t  th e  f re e z in g  p o in t  f o r  one pound o f  th e  
p ro d u c t (from  u nfrozen  to  f ro z e n  a t  28°F). T able I I  shows th e  s p e c i f ic  
h e a t  and l a t e n t  h e a t p e r  pound f o r  a number o f  fo o d s.
The p ro d u c t lo ad  i s  th e  q u a n t i ty  o f h e a t  w hich i s  to  be removed 
from  th e  p ro d u c t b e in g  s to r e d  o r  f ro z e n , so as to  reduce th e  tem p era tu re  
o f  th e  p ro d u c t from i t s  i n i t i a l  tem p era tu re  to  t h a t  tem p era tu re  
c o n s is te n t  w ith  th e  p r a c t ic e  o f  fro ze n  fo o d s . The p ro d u c t lo a d  can be 
c a lc u la te d  by  th e  fo llo w in g  form ula:
H3 = (P )(h b + hl f  + ha )
where
H3 = p ro d u c t lo ad  in  B.T.U.
P = pounds o f  p ro d u c t
h^ = B.T.U. p e r  pound n e c e s sa ry  to  remove to  c o o l from
i n i t i a l  tem p era tu re  to  th e  f r e e z in g  p o in t  ( u s u a l ly  
28°F)
= ( s p e c i f i c  h e a t ) ( t !  -  28°F)
h-y» = l a t e n t  h e a t  o f  fu s io n  o f  p ro d u c t, B .T.U . p e r  pound
ha = B.T.U. p e r  pound n e c e ssa ry  to  remove to  c o o l from
th e  f re e z in g  p o in t  ( 28°P) to  th e  s to ra g e  tem p e ra tu re s
= ( s p e c i f i c  h e a t ) ( 28°P -  t 2 )
TABLE I I
S p e c if ic  H eat o f  Foods (B .T .U ./L b) (77)
Food
Above
F reez in g
Below
F reez in g
L a te n t H eat o f  
F u sio n , B .T .U ./Lb
F is h , F resh 0 .7 6  . 0 .4 l 101
O y ste rs • 0 .9 0 0 .4 6 125
Bacon 0 .55 9 .3 1 30
Beef 0 .6 6 O.3 8 94
Pork 0 .6 0 O.38 66
P o u lt ry 0 .8 0 0 .4 1 99
A pples 0 .8 9 0 .4 6 125
Peas 0 .8 0 0 .4 2 108
M ilk 0 .9 0 0 .4 6 124
B u t te r 0 .3 0 0 .2 4 18
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The r e f r ig e r a t i o n  lo ad  i s  th e  sum o f th e  fo llo w in g :
1. W all lo s s e s
2. A ir  change lo s s e s
3. P ro d u c t lo ad
4. M isce llan eo u s lo s s e s
B efore  19^2, most a v a i la b le  in fo rm a tio n  on th e  s p e c i f ic  h e a t  o f  
foods was b ased  on th e  work o f  S ie b e l  (7 7 ) . He reasoned  th a t  s in c e  
foods were composed o f  w a te r  and s o l id  m a tte r ,  i t  shou ld  be p o s s ib le  to  
c a lc u la te  t h e i r  s p e c i f ic  h e a t  above th e  f re e z in g  p o in t  by  adding th e  
p ro d u c t o f  th e  w eig h t f r a c t io n  o f  w a te r  p r e s e n t ,  and i t s  s p e c i f ic  h e a t ,  
to  th e  p ro d u c t o f  th e  w eigh t f r a c t i o n  o f  th e  s o l id  m a t te r ,  and a 
c o n s ta n t 0 .2 ,  as i t s  s p e c i f i c  h e a t .  Below th e  f re e z in g  p o in t  he used  
o n ly  th e  s p e c i f ic  h e a t  o f  i c e .  Manheim e t  a l .  ( 57 ) in  t h e i r  s tu d ie s  
o f  e n th a lp ie s  in v o lv ed  in  food f r e e z in g  concluded  t h a t  th e  e x ac t 
m o is tu re  c o n te n t o f th e  s p e c i f i c  food m ust be known in  o rd e r  to  
c a lc u la te  i t s  s p e c i f ic  h e a t .  An in c o r r e c t  m o is tu re  c o n te n t can be a 
so u rce  o f  c o n s id e ra b le  e r r o r  in  com m ercial c a lc u la t io n s .
S h o rt e t  a l .  ( 76 ) m easured th e  s p e c i f i c  h e a ts  o f  some f r u i t s ,  
v e g e ta b le s , m ea ts, and su g ar s o lu t io n s ,  and found t h a t  th e  assum ption  
o f  S ie b e l  was n o t c o r r e c t ,  e s p e c ia l ly  i n  th e  re g io n  betw een 115°C 
(+5°F) and (+^0°F ). In  th e  re g io n  below -15°C, S h o rt e t  a l .
s ta t e d  t h a t  th e  n u m erica l v a lu es  a re  ro u g h ly  th e  same a s  would be 
o b ta in e d  by  av e ra g in g  th e  s p e c i f i c  h e a t  o f  i c e  and th e  s o l id  m a tte r .
Working on th e  developm ent o f  a r a p id  method f o r  con tinuous 
d e te rm in a tio n  o f  th e  s p e c i f ic  h e a t  o f  foods o v er a wide range o f
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te m p e ra tu re s  below  th e  f re e z in g  p o in t ,  M oline e t  a l . ,  ( 5 7 ) determ ined  
th e  s p e c i f i c  h e a ts  o f  f a t s ,  g e l a t i n ,  and w a te r . They su g g e s t from 
t h e i r  d a ta ,  t h a t  i t  i s  p o s s ib le  to  e s tim a te  th e  s p e c i f i c  h e a t  o f  foods 
b ased  on t h e i r  co m p o sitio n , and u s in g  an a p p ro p r ia te  c o r r e c t io n  f a c to r .  
They e x p la in e d  th e  d is c re p a n c ie s  betw een th e  observed  and th e  computed 
s p e c i f i c  h e a t  v a lu es  f o r  m eats and f i s h ,  as  due to  th e  v i t r e o u s  i c e  
fo rm a tio n  when th e  sam ples a re  f ro z e n . T ables I I I  and IV  show th e  
s p e c i f i c  h e a t  o f  a  model system  used  by  them, and was o b ta in e d  by  
d i r e c t  m easurem ent. T his can be compared w ith  T able IV , w hich was 
computed by  c o n s t i tu e n t  a n a ly s e s .
S h o rt and co-w orkers (7 6 ) decided  to  de term ine  what r e l a t io n s h ip ,  
i f  any , e x is te d  betw een h e a t  c a p a c ity  and th e  com position  o f  food 
s t u f f s .  The low er tem p era tu re  o f  h is  bomb c a lo r im e te r  was -^0°C . The 
foods used  d u rin g  h is  experim en ts  were f r u i t s  and v e g e ta b le s .  He was 
u n ab le  to  m easure th e  s p e c i f i c  h e a t  o f  any food c o n ta in in g  more th an  
3 p e rc e n t  f a t ,  because  kerosene was used  as  th e  h e a t  t r a n s f e r  medium in  
th e  c a lo r im e te r .  K erosene d is so lv e d  th e  f a t  to  form a th ic k  j e l l y  t h a t  
co u ld  n o t be s t i r r e d  r e a d i ly .  He a ls o  found t h a t  h i s  d a ta  d id  n o t 
fo llo w  S i e b e l 's  ru le  betw een -lvO°C and +5°C.
U sing an a d ia b a t ic  c a lo r im e te r ,  m easurem ents o f  e n th a lp y  and 
s p e c i f i c  h e a t ,  and c a lc u la t io n s  o f  ic e  p o r t io n  (k ilo g ram  o f  i c e  p e r  
k ilo g ram  o f  t o t a l  w a te r  c o n te n t)  were made on th e  tem p e ra tu re  range o f  
-40°C to  +20°C were ta b u la te d .  Experim ents w ith  p re d r ie d  f i s h  f le s h  
In d ic a te d  t h a t  even a t  v e ry  low te m p e ra tu re s , th e  n o n - f re e z in g  w a te r
TABLE I I I
S p e c if ic  H eat V alues o f  I c e ,  F a ts ,  P r o te in  (G e la t in ) ,  
Used to  C a lc u la te  th e  S p e c if ic  H eat o f  Food S tu f f s  (57)
 Sample_____
I c e a
G e la t in a 
B eef F a ta 
Larda 
B u tte d
Sodium C h lo rid e 13 
D ex tro se13
















&V alues o b ta in e d  by  ex p erim en t.
^These v a lu e s  were o b ta in e d  from  I n te r n a t io n a l  
C r i t i c a l  T a b le s .
TABLE IV
The S p e c if ic  H eat o f  a Model Systema  as  O btained  by  
D ire c t  Measurement Compared to  th e  S p e c if ic  H eat 
C a lc u la te d  b y  C o n s t i tu e n t  A n a ly s is  ( 57)
°c Computed13 O bserved Ob se  rved/Com puted
-4o 0.^35 0.468 1.07
-80 0.348 0.387 1 .1 1
-120 0.271 0.307 1.13
- l 60 0.212 0 .228 1.13
Av. l . H  t  0 .0 3
C o m p o s itio n  o f  th e  model system  was 64 .4$  w a te r , 
1 7 -6$ p r o te in ,  and 1 8 . 0$ f a t .
^The sum o b ta in e d  a f t e r  m u ltip ly in g  th e  s p e c i f ic  
h e a t  o f  each  component by  th e  w eig h t f r a c t io n  
p re s e n t .
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p o r tio n  was l a r g e ly  in d ep en d en t o f  th e  i n i t i a l  w a te r  c o n te n t.  A t h ig h  
w a te r  c o n te n t ,  t h i s  p o r t io n  rem ained unchanged d u rin g  f re e z in g .
In c lu d e d  in  t h i s  work a re  d a ta  on th e  p e rce n ta g e  o f  f ro z e n  w a te r  as  a 
fu n c tio n  o f  tem p e ra tu re  and i n i t i a l  w a te r c o n te n t (R ie d e l, 72, 73)*
R ie d e l (7*0 c o n tin u in g  h is  e a r l i e r  experim en ts  w ith  f i s h ,  m easured 
th e  e n th a lp y  o f  le a n  b e e f  i n  th e  tem p era tu re  range o f  -6o°C to  +20°C.
He used  an a d ia b a t ic  c a lo r im e te r ,  a t  d i f f e r e n t  w a te r  c o n te n ts ,  and 
determ ined  th e  p o r t io n  o f  th e  w a te r f ro z e n  a t  each s ta g e . He observed  
t h a t  even a t  v e ry  low te m p e ra tu re s , th e  more f r e e z in g  p o r t io n  was abou t 
0 .3 5  k ilo g ram  p e r  k ilo g ram  o f  d ry  m a tte r ;  and t h i s  co rresponded  to  0 .14- 
k ilo g ram  o f  w a te r  p e r  k ilo g ram  o f  p r o te in ,  o r  2 m olecu les o f  w a te r p e r  
amino a c id  r e s id u e  o f  th e  p r o te in .
Jason  e t  a l .  (*»-3)> u s in g  an a d ia b a t ic  c a lo r im e te r ,  determ ined  th e  
a p p a re n t s p e c i f i c  h e a t  o f  cod m uscles in  th e  tem p era tu re  range o f 
-70°C to  +0°C. They o b ta in e d  th e  tem p era tu re  o f  th e  sample as  a  
co n tin u o u s fu n c tio n  o f  th e  h e a t  in - p u t  and th e  a p p a re n t s p e c i f ic  h e a t 
by  g ra p h ic a l  d i f f e r e n t i a t i o n  o f  th e  h e a t  c o n te n t curve w ith  r e s p e c t  to  
te m p e ra tu re .
The h e a t  c a p a c i ty  o f  g e la t in -w a te r  m ix tu re  w ith  g e l a t i n  c o n c e n tra tio n s  
o f  9 to  100 p e rc e n t  o v er th e  m ix tu re s  betw een +25°C and -l8o°C was 
m easured in  an a d ia b a t ic  c a lo r im e te r  (Hampton and M ennie, 57 )> 
p re v io u s ly  used  b y  o th e r  w orkers (B arnes and M aass, 5 )• However, i t  
i s  im p o ss ib le  to  o b ta in  a c c u ra te  s p e c i f i c  h e a t  v a lu e s  from  th e s e  d a ta .
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O th e r au th o rs  ( T r e s s le r  and E v e rs , 83 ) have l i s t e d  s p e c i f i c  h e a t  
v a lu es  f o r  foods above and below f re e z in g  p o in t s ,  b u t  d id  n o t d e f in e  th e  
tem p era tu re  range o f  th e se  m easurem ents.
The E f f e c t  o f  C ryogenic Tem peratures on th e  B io ch em is try  and B a c te r io lo g y  
o f  S h e l l f i s h  D e te r io ra t io n
Shrim p: S h e l l f i s h ,  b o th  C ru stacea  and m o llu sc a , a re  s u b je c t  to
ty p es  o f  m ic ro b ia l sp o ila g e  s im i la r  to  th o se  f o r  f i s h .  Many p e r t in e n t
p u b l ic a t io n s  a re  a v a i la b le  w hich summarize such  c la s s e s  o f  b a c t e r i a
p r e s e n t  s h e l l f i s h ,  b u t  o n ly  a few convey s u f f i c i e n t  in fo rm a tio n  as  to
c u l t u r a l  c h a r a c t e r i s t i c s  and s t r a i n  d i f f e r e n t i a t i o n .  T his la c k  o f
thorough  i d e n t i f i c a t i o n  makes com parison o f  re s e a rc h  d a ta  v e ry  d i f f i c u l t .
D e te r io ra t io n  o f  s h e l l f i s h  q u a l i ty  i s  c o n s id e red  g e n e r a l ly  to  r e s u l t
from  th e  a c t io n  o f  enzymes from b o th  th e  t i s s u e  and th e  co n tam in a tin g
m icroorganism s o r ig in a l ly  p r e s e n t  on th e  s h e l l f i s h ,  o r  in tro d u c e d  d u rin g
c a tc h in g , h a n d lin g , and p ro c e ss in g . S p o ilag e  o f  th e  p ro d u c t i s  b e l ie v e d
to  be m ain ly  th e  r e s u l t  o f  th e  b a c t e r i a l  a c t io n ,  and i s  caused  by  th e
consequen t fo rm atio n  o f  compounds which im p a rt o f f - o d o rs ,  c o lo r  changes,
and o f f - f l a v o r s .  A com prehensive su rv ey  o f  l i t e r a t u r e  re v e a ls  a  la c k
o f  c o r r e la t io n  betw een th e  ty p e s  o f  b a c te r i a  and t h e i r  num bers, and th e♦ *
induced  chem ical changes and t h e i r  r e la t io n s h ip  to  changes in  q u a l i ty .
The p re v e n tio n  o f  d e te r io r a t io n  i n  th e  q u a l i ty  o f  shrim p in v o lv e s  
two d i s t i n c t  p rob lem s, nam ely, m a in ta in in g  low numbers o f  d e tr im e n ta l  
m icroorgan ism s, and th e  c o n tro l  o f  o x id a t io n s ,  c h ie f ly  o f  p heno ls  in to  
m e lan in s . This r e a c t io n  i s  gu ided  by  s p e c i f ic  t i s s u e  enzymes —
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p h en o lases  — and r e s u l t s  in  th e  appearance o f  b la c k  zones o r  s p o ts  a t  
th e  edges o f  th e  s h e l l  segm ents o f  th e  f l e s h  (F ie g e r  and B a ile y , l 6 , 1 8 ).
This dark  c o lo r  i s  produced by m elanin  pigm ents which form on th e  
i n t e r n a l  s h e l l  s u r f a c e s ,  o r  in  advanced s ta g e s ,  on th e  u n d e rly in g  shrim p 
m eat (F au lk n e r e t  a l . ,  l 4 ) .  These pigm ents a re  produced by  an o x id a tiv e  
p ro c e ss  o f  ty ro s in a s e  on ty ro s in e .  The re a c t io n  i s  a c c e le ra te d  by 
copper and o th e r  m e ta lic  io n s  (P ie g e r  and B a ile y  18).
L im ited  re s e a rc h  has been  re p o r te d  on th e  numbers o r k in d s  o f  
b a c t e r i a  found on f r e s h  shrim p. C la rk  and MacNaughton ( 12) s ta t e d  th a t  
th e  heads sh o u ld  be removed from  f r e s h ly  caught shrim p, which would th en  
be  washed and ic e d  as  q u ic k ly  a s  p o s s ib le ,  s in c e  th e  dark  l i o u id  in  th e  
stom ach c o n ta in s  p a r t i a l l y  d ig e s te d  p la n t  and anim al m a te r ia l  which 
r e a d i ly  decomposes. They s t r e s s e d  t h a t  t h i s  l i o u id  and th e  s u rfa c e  
s lim e  m ust be removed by  thorough  w ashing b e fo re  p ack ing  in  ic e .
Cameron and W illiam s (10) in v e s t ig a te d  p ro ced u res  in  shrim p canning  
w hich would e l im in a te  s p o ila g e . They d id  n o t r e p o r t  th e  b a c t e r i a l  coun ts 
o r  th e  s p e c ie s  i s o l a t e d ,  b u t  found t h a t  washed raw shrim p in  c a n n e rie s  
were h e a v i ly  con tam inated  w ith  b a c t e r i a .  The p r a c t ic e  o f  w ashing in  
tan k s  was i n e f f i c i e n t  because  th e  w a te r  was n o t changed o f te n  enough, 
and sometim es th e  b a c t e r i a l  lo a d  on f r e s h  shrim p was a c tu a l ly  in c re a se d  
b y  w ashing . They recommended flum e w ashing, and o th e r  s a n i ta r y  
p re c a u tio n s  which would p re v e n t sp o ila g e  in  canned shrim p.
Numerous p ap e rs  on th e  b a c te r io lo g y  o f  f r e s h - f i s h e r y  p ro d u c ts  were 
review ed b y  G r i f f i t h s  (5 2 ) . Green (5 0 ) showed t h a t  whole shrim p examined
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im m ediate ly  a f t e r  em ptying o f  th e  t r a w le r  n e t  v a r ie d  i n  " b a c te r ia l  coun ts 
from 1 ,600  to  1 ,2 00 ,000  p e r  gram. The l a t t e r  coun t was from shrim p 
caugh t in  B a r a ta r ia  Bay, L o u is ia n a , a  shallow  in la n d  w hich re c e iv e s  
d ra in ag e  from  th e  s e t t l e d  a re a s  a d ja c e n t  to  th e  West bank o f  th e  
M is s is s ip p i  r i v e r .  A more r e p re s e n ta t iv e  b a c t e r i a l  coun t o f  shrim p 
caugh t in  com m ercial f i s h in g  n e ts  i n  w id e ly  s c a t te r e d  a re a s  in  th e  open 
G ulf o f  Mexico o f f  th e  L o u is ian a  C o ast found to  be ^2 ,000 b a c te r i a  p e r  
gram f o r  l k  d i f f e r e n t  sam ples. G reen showed t h a t  an in v e rs e  c o r r e la t io n  
e x is te d  betw een th e  s iz e  o f  th e  shrim p and th e  b a c t e r i a l  co u n t, and 
t h a t  h ig h e r  coun ts  ( 350 , 000 ) were o b ta in e d  on shrim p caugh t in  th e  t e s t  
n e t  th an  th e  count o f  76,000  on shrim p caugh t in  th e  same a re a  in  a 
r e g u la r  n e t .  This may be th e  r e s u l t  o f  lo n g e r  tim e in v o lv ed  i n  re g u la r  
t ra w lin g , which p ro v id e d  more ad eq u a te  w ashing th a n  th e  s h o r t  tim e in  
which a  t e s t  was made. One sample o f  mud tak en  in  e ig h t  fathom s of 
w a te r  in  th e  open G u lf c o n ta in e d  l+,000 b a c te r i a  p e r  gram, w h ile  su rfa c e  
w a te r  from  th e  same lo c a t io n  c o n ta in e d  25 b a c te r i a  p e r  m il l im e te r .  
W illiam s e t  a l .  ( 85) con tend  t h a t  th e  p resen ce  o f  mud on shrim p causes 
h ig h  c o u n ts .
When whole o r  h e a d le s s  shrim p from  th e  same c a tc h  were washed w ith  
G ulf o f  Mexico w a te r , th e r e  was an av erag e  re d u c tio n  in  th e  b a c t e r i a l  
coun t (G reen , 3 1 ) .  B a c te r ia l  coun ts  on h e a d le s s , unwashed shrim p were 
somewhat low er th an  th e  whole shrim p from  th e  same c a tc h . Removal o f 
th e  heads in  a l l  cases  reduced  th e  co u n t somewhat, th e  heads c a rry in g  
ap p ro x im a te ly  75 p e rc e n t  o f  th e  b a c t e r i a  (F ie g e r ,  F ie g e r  e t  a l . ,  16 , 1 8 ) .
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The b a c t e r i a l  coun ts  o f  f r e s h ly  caugh t h e a d le ss  shrim p a re  l a r g e ly  
de term ined  by  th e  b a c t e r i a  and d e b ris  ad h e rin g  to  th e  s u r fa c e .  The 
av erag e  b a c t e r i a l  co u n t on th e  shrim p as  p rep a red  f o r  ic y in g  under 
com m ercial c o n d it io n s ,  headed and washed by  th e  f ish e rm an , was 7*^00 
p e r  gram. So i t  i s  e v id e n t  t h a t  under com m ercial c o n d it io n s ,  w ith  
e x p e d itio u s  h a n d lin g  and thorough  w ashing, h e a d le ss  shrim p may be p la c e d  
i n  ic e  s to ra g e  on b o ard  t r a w le r s ,  and c a r ry  a  r e l a t i v e l y  low m ic ro b ia l 
lo a d .
S in ce  th e  m e ltin g  ic e  from th e  upper la y e r s  o f  shrim p washes down 
o v er th e  low er l a y e r s ,  Green ( 31 ) a ls o  s tu d ie d  th e  in f lu e n c e  o f  p o s i t io n  
i n  th e  b in  on th e  b a c t e r i a l  c o u n ts . A f te r  9 days s to r a g e ,  h e a d le s s  
shrim p in  th e  la y e r  n e x t t o  th e  to p  in c re a se d  from 1 ,800  b a c t e r i a  p e r  
gram to  2,k00  p e r  gram, w hereas th e  b a c te r i a  in  th e  bottom  la y e r  
in c re a s e d  a th o u san d fo ld . S tu d ie s  b y  W illiam s ( 8if) ,  W illiam s e t  a l .
( 8 5 ) ,  and W illiam s and Rees ( 8 3 ) complement th o se  o f  G reen in  t h a t  they- 
determ ined  th e  ty p e s  o f  b a c t e r i a  i n i t i a l l y  p re s e n t  in  f r e s h  G u lf o f  
Mexico shrim p cau g h t a d ja c e n t  to  th e  Texas c o a s t .  They showed th e  main 
groups p re s e n t  were A chrom obacter, B a c i l lu s ,  M icrococcus, and Pseudomonas. 
These fo u r  groups made up 78  p e rc e n t  o f  th e  1 ,200 i s o l a t e s .  I n  th e  
b io ch em ica l c h a r a c t e r i s t i c s  th e y  found 62 p e rc e n t o f  th e  i s o l a t e s  were 
p r o te o ly t i c ,  35 p e rc e n t  l i p o l y t i c ,  18 p e rc e n t reduced trim e th y lam in e  
o x id e , and 12 p e rc e n t  form ed in d o le .  They f a i l e d  to  f in d  any in d ic a t io n  
o f  a d if f e re n c e  in  b a c t e r i a l  f l o r a  betw een Penaeus s e t i f e r u s  and Penaeus 
duorarum.
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When shrim p a re  s to r e d  w ith o u t d i r e c t  c o n ta c t  w ith  i c e ,  low "b a c te r ia l 
coun ts  r e s u l t  i f  th e  shrim p a re  hand led  c a r e f u l ly  and e x p e d it io u s ly ,  "but 
b la c k  sp o t becomes a  se v e re  problem  (G reen, 3 0 )* L a te r ,  F ie g e r  e t  a l .
0-8 ) ,  f u r th e r  in v e s t ig a te d  t h i s  ty p e  o f  s to ra g e  u s in g  th e  a n t i b i o t i c  CTC 
( c h lo r o te t r a c y c l in e ) ,  and such a n t io x id a n t  d ip s  a s  sodium b i s u l f i t e ,  
a s c o rb ic  a c id ,  and c i t r i c  a c id  e i t h e r  s e p a ra te ly  o r  in  com bination . The 
CTC d ip s  were e f f e c t iv e  i n  m a in ta in in g  low b a c t e r i a l  coun ts  th ro u g h  15 
to  20 days. The d ip s  n o t c o n ta in in g  CTC reduced  b a c t e r i a l  counts 
i n s i g n i f i c a n t l y .
I t  has been  e s ta b l i s h e d  by  s e v e ra l  in v e s t ig a to r s  t h a t  some b a c te r ia  
a re  d e s tro y ed  by  f r e e z in g  and d u rin g  f ro z e n  s to ra g e . L i te r a tu r e  
d e s c r ib in g  th e  speed  w ith  which th e s e - b a c te r ia  a re  d es tro y ed  a re  c o n tro ­
v e r s i a l .  H aines ( 3I+) found t h a t  v a r io u s  f re e z in g  tem p era tu re s  produced 
e s s e n t i a l l y  th e  same re d u c tio n  in  su sp en sio n s  o f  b a c t e r i a ,  b u t  t h a t  
p ro lo n g ed  s to ra g e  a t  v a r io u s  te m p e ra tu re s  r e s u l te d  in  th e  g r e a t e s t  d ea th  
r a te  a t  th e  h ig h e r  te m p e ra tu re s , -2°C (28°F) b e in g  th e  most d e s tr u c t iv e .  
W eiser and O sterud  ( 8i+), i n  e x te n s iv e  in v e s t ig a t io n s ,  concluded th a t  
d e a th  by f r e e z in g  in v o lv e d  a r a p id ly  a c t in g  o r  "im m ediate" d e a th , caused 
by  f re e z in g  and thaw ing p e r  s e ,  and a  " s to ra g e  d ea th "  which i s  a  d i r e c t  
fu n c tio n  o f  tim e and te m p e ra tu re . They a ls o  concluded th a t  d ea th  by 
f re e z in g  was m arked, b u t  d id  n o t v a ry  w ith  th e  i n t e n s i t y  o f  th e  f re e z in g  
te m p e ra tu re . They n o ted  t h a t  re p e a te d  f lu c tu a t io n s  o f  tem p era tu re  below 
f re e z in g  d id  n o t e x e r t  a l e t h a l  a c t io n  in  a d d i t io n  to  t h a t  o f  s to ra g e .
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P r e s c o t t ,  B a tes  and H ighlands ( 69 ) re p o r te d  t h a t  b a c te r i a  in  
com m ercia lly  q u ick  f ro z e n  haddock, d id  n o t  d ec rease  i n  number d u rin g  
25 weeks. They found t h a t  th e  b a c t e r i a l  coun t in  a s im i la r ly  f ro z e n  
sam ple o f  lamb chops was reduced  s l i g h t l y ,  th e  g r e a te s t  d ec rease  
o ccu rin g  a t  - 6 . 6 °C (2 1 °F ). The b e s t  methods o f  f re e z in g ,  p ack ag in g , 
and s to r in g  h e a d le s s  shrim p were in v e s t ig a te d  F ie g e r  e t  a l .  (2 3 ) .  Waxed 
c a r to n s  overw rapped w ith  g la s s in e  and h e a t- s e a le d  were used . T his was 
compared w ith  r e g u la r  g la z in g . F reez in g  took  p la c e  a t  -1+0°F, and 
s to ra g e  te m p e ra tu re s  were -4o°F , 0°F, 10°F, and f lu c tu a t in g  betw een 
0°F and 10°F. D e f in i te  ev id en ce  o f  d e te r io r a t io n  was n o ted  in  th o se  
sam ples s to r e d  f o r  th re e  months a t  10°F, and a t  te n  m onths, th e y  were 
judged u n a c c e p ta b le . The sam ples s to re d  a t  -40°F , had th e  ap pearance 
o f  f r e s h ly  f ro z e n  sh rim p , and were o f  e x c e l le n t  q u a l i ty  a t  th e  end o f  
th e  s to ra g e  p e r io d . Those s to r e d  a t  0°F , b u t  s u p e r io r  to  th o se  h e ld  
a t  f lu c tu a t in g  te m p e ra tu re s . No s ig n i f i c a n t  d if f e r e n c e s  were shown 
betw een th e  g la z ed  sam ples and th o se  hav ing  th e  g la s s in e  overw rap. 
T em peratures above 0°F can n o t be recommended f o r  s to ra g e  o f  f ro z e n  
shrim p. B a c te r io lo g ic a l  s tu d ie s ' o f  th e s e  sam ples were re p o r te d  by  
Holmes and McCleskey (3 8 ) . The m ajor problem  in  keep ing  and packaging  
f ro z e n  shrim p u n d o u b ted ly  i s  th e  g ra d u a l d ry in g  o f th e  p ro d u c t w ith  
en su in g  chem ical changes (P e te r s  and McLane, 6k )• P ee led  shrim p had 
low er b a c t e r i a l  coun ts  th a n  unpeeled  shrim p. S to rag e  a t  10°F gave a 
low er s u rv iv a l  r a t e  th an  f o r  th o se  k ep t a t  -40°F.
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A r a d ic a l  way to  av o id  m ic ro b ia l  d e te r io r a t io n  o f  th e  raw m a te r ia l  
i s  f re e z in g  a t  s e a . C row ther ( l o )  re p o r te d  p re lim in a ry  r e s u l t s  u s in g  
b r in e  (ca lc iu m  c h lo r id e ,  Uo p e rc e n t  b y  w eig h t) a t  a tem p era tu re  o f  -3°F. 
S im ila r  t r i a l s  were conducted  in  1952 on b o th  w h ite  shrim p ( P . s e t i f e r e s ) 
and brown shrim p ( P .a z te c u s ) on b o a rd . Both b r in e  and a i r  f r e e z in g  were 
t e s t e d  d u rin g  e x p lo ra to ry  t r i p s  i n  th e  M exican G ulf (Dassow, 13 ) .  A 
c i r c u la to r y  8 5 ° s a lo m e te r , b r in e  c h i l l e d  to  5°F was used  f o r  b r in e  
f r e e z in g .
C u lt iv a t io n ,  p ro c e s s in g , and p ack ing  p ro ced u res  f o r  m arket s u b je c t  
o y s te r s  to  many p o t e n t i a l  so u rce s  o f  m ic ro b io lo g ic a l  co n tam in a tio n . 
T h e re fo re , th o ro u g h  and c o n s ta n t c o n tro l  m ust be m a in ta in ed  to  in su re  
u l t im a te  consumers o f  r e c e iv in g  a  s a fe  and e d ib le  p ro d u c t. A su rv ey  o f 
l i t e r a t u r e  o f f e r s  c o n s id e ra b le  in fo rm a tio n  concern ing  th e  n a tu re  o f  th e  
problem s in v o lv e d .
O y s te r : A reas d e s ig n a te d  f o r  o y s te r  c u l t iv a t io n  u s u a l ly  p r e s e n t
i n f i n i t e  p o s s i b i l i t i e s  o f  ch em ica l, b io lo g ic a l ,  and p h y s ic a l  changes 
w hich c o n tr ib u te  to  a .f a v o ra b le  environm ent f o r  m ic ro b ia l  grow th.
Changes in  r a t e  o f  flow  o f  w a te r  in  th e  a r e a ,  w ea th er v a r ia t io n s ,  
i n d u s t r i a l  developm ents, c o n c e n tra t io n  o f  p o l lu t a n t s ,  and a v a i l a b i l i t y  
o f  n u t r i e n t s  f o r  fo o d  a re  b u t  a few f a c to r s  c o n tr ib u t in g  to  th e  problem . 
S in ce  such  v a r ia b le  c ircu m stan ces  e x i s t  o v er s h o r t  p e r io d s  o f  tim e , 
innum erab le  s t r a i n s  o f  b a c t e r i a  and y e a s ts  w i l l  f in d  s u i ta b le  c o n d itio n s  
f o r  grow th d u rin g  th e  l i f e  tim e o f  any  g iv en  o y s te r .  S t r i c t  enforcem ent
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o f  re g u la t io n s  i s  n e c e s sa ry  th e r e f o r e ,  to  p re v e n t th e  o y s te r  in d u s t r y  
from  becoming a  h e a l th  h az z a rd .
H un ter and Linden (3 7 , 38) showed t h a t  no r e la t io n s h ip  e x is te d  
betw een th e  t o t a l  number o f  a e ro b ic  b a c t e r i a  p r e s e n t  and th e  c o n d itio n s  
o f  th e  o y s te r .  They th e o r iz e d  t h a t  sp o ila g e  o f  o y s te r s  depends upon th e  
p re sen ce  and developm ent o f  b a c te r i a  o f  c e r t a in  ty p es  o f  g ro u p s , r a th e r  
th a n  th e  t o t a l  number o f  organism s p r e s e n t ,  p a r t i c u l a r l y  th o se  cau sin g  
fe rm e n ta tio n  o r  p u t r e f a c t io n .
D ecom position o f  shucked o y s te r s  a t  th e  s t a r t  i s  due to  a c t i v i t i e s  
o f  some members o f  th e  S e r r a t i a ,  Pseudononas, P ro te u s ,  C lo s tr id itu n , 
B a c i l lu s ,  A e ro b a c te r , and E s c h e r ic h is  group o f  b a c t e r i a .  L a te r  in  th e  
c o u rse  o f  s p o ila g e , S t r e p to c o c c i ,  L a c to b a c i l l i ,  and y e a s ty f in d  more 
s u i t a b le  c o n d itio n s  f o r  grow th. A com prehensive su rv ey  o f  E .c o l i  in  
m arket o y s te r s  was made b y  Tonney and W hite (8 2 ). P e r ry  and B a y lis s  
( 6  2 ) a s c e r ta in e d  th e  v a lu e  o f  E .c o l i  as  an i n d ic a to r  o f  s ig n i f i c a n t  
f e c a l  p o l lu t io n .  Tanikawa (8l )  in  an e x te n s iv e  s tu d y  e s ta b l i s h e d  th e  
e x is ta n c e  o f  a  s p e c i f i c  C o l i f lo r a  in  th e  i n t e s t i n e s  o f  Jap an ese  o y s te r s ,  
r e a d i ly  d is t in g u is h a b le  from  any human o r ig in .
A p p a re n tly , th e  r o le  o f  y e a s ts  in  o y s te r  decom position  has n o t 
re c e iv e d  s t i f f i c i e n t  a t t e n t i o n ,  even though a l l  a v a i la b le  ev idence 
in d ic a te s  th e se  organism s to  be a  problem  in  th e  o y s te r  in d u s try .
H un ter (55 ) found a  p in k  y e a s t  to  be re s p o n s ib le  f o r  s p o ila g e  o f  o y s te r s  
d u rin g  sh ipm ent. A T o ru la  y e a s t  was i s o l a t e d  w hich grew r e a d i ly  a t  low 
te m p e ra tu re s , and was p r e s e n t  in  s u r fa c e  and bo ttom  w a te r  o f  New England
21
b ed s . A lthough th e  y e a s t  was found on norm al o y s te r s ,  th e  m ajo r so u rce  
o f  co n tam in a tio n  was found to  be pack ing  house equipm ent. P irik  y e a s ts  
were i s o l a t e d  from fro z e n  o y s te r s  h e ld  a t  te m p e ra tu re s  betw een 0°F and 
-35°F (McCormack, 53) . F u rtherm ore , i t  was d isc o v e re d  by  McCormack ( 5U) 
t h a t  t h i s  p in k  y e a s t  p roduces sp o re s , and t h i s  g r e a t ly  in c re a s e s  th e  
r i s k  o f  d e te r io r a t io n  from t h i s  m icroorganism . A brown d is c o lo r a t io n  
q u ite  common in  G u lf o y s te r s  i s  o f  an i n t r i n s i c  and b io c h e m ic a l n a tu re ,  
has no r e la t io n s h ip  to  any m ic ro b ia l  a c t i v i t y  (F ingerm an, 2k).
A lm ost e v e ry  re p o r te d  in v e s t ig a t io n  o f  o y s te r  s p o ila g e  has  been 
made w ith  f r e s h  o r  f ro z e n  o y s te r s  in  which th e  s p o ila g e  was o f  th e  
fe rm e n ta tiv e  ty p e , c h a ra c te r iz e d  b y  a so u r o d o r, o r  p u t r e f a c t iv e  in  
n a tu re .  Baldwin e t  a l .  ( 7 )  m easured th e  changes in  pH, w a te r -s o lu b le  
and a lc o h o l- s o lu b le , n i tro g e n , and t o t a l  t i t r a t a b l e  a c i d i t y  d u rin g  
s to ra g e  o f  raw E a s te rn  o y s te r s .  From th e  s ta n d p o in t o f  e a s e , r a p id i ty ,  
r e l i a b i l i t y  o f  measurem ents a s  an in d ic a to r  o f  o y s te r  f r e s h n e s s ,  pH 
v a lu e s  seemed to  them to  be th e  m ost p rom ising  o f  th e s e  m easurem ents. 
They d e sc r ib e d  o y s te r s  a t  a pH o f  6 .2  to  5-9 as  b e in g  in  good c o n d it io n , 
a t  pH 5 -8  in  an  'o f f*  c o n d it io n , a t  pH 5*7 to  5 .5  i n  m usty c o n d it io n , 
and a t  pH 5*2 and below as  so u r  o r  p u t r id .  S im ila r  f in d in g s  were 
re p o r te d  by  H un ter and L inden ( 36) ,  P isk u r  ( 66) and P o t t i n e r  ( 6 9 ) ,  a l l  
o f  whom used  changes in  pH and o rg a n o le p tic  r a t in g s  a s  th e  c r i t e r i a  f o r  
jud g in g  th e  q u a l i ty  o f  raw o y s te r s .
I n  G u lf o y s te r s ,  th e  drop in  pH i s  n o t n e c e s s a r i ly  c o r r e la te d  w ith  
th e  so u r  odo r. The s e a so n a l v a r ia t io n  in  pH, i n i t i a l l y  and a t  i n t e r v a l s
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d u rin g  su b seq u en t s to ra g e  a t  4 l°F  (5°C) was o b serv ed , w ith  th e  v a lu es  
b e in g  lo w es t d u rin g  th e  summer and h ig h e s t  du rin g  th e  w in te r  (G ardner 
and W atts , 2 6 ).
The degree o f  w ashing and q u a l i ty  o f  w a te r a ls o  in f lu e n c e s  th e  
co u rse  o f  decom position . A thorough  c le a n -w a te r  w ashing seems to  
remove p u tre fy in g  a g e n ts ,  le a v in g  such m icroorganism s a s  fa v o r  
fe rm e n ta tio n  and so u rin g  to  dom inate th e  subsequen t d e te r io r a t io n  
(K ing e t  a l . ,  4 4 ). A p p a ren tly , a c id s  a re  formed from th e  breakdown o f  
g lycogen , known to  be due to  b a c t e r i a l  a c t io n  o r  g ly c o ly t ic  enzymes, o r  
b o th  to g e th e r ,  w ith in  th e  o y s te r  t i s s u e .  I n  a b a s ic  s tu d y  o f  g ly c o ly s is  
i n  th e  o y s te r  a d d u c to r  m uscle , Humphry (40) dem onstra ted  a r e l a t i v e l y  
slow p ro d u c tio n  l a c t i c  and p y ru c ic  a c id s  in  t i s s u e  hom ogenates. G ly c o ly tic  
a c t i v i t y  in  th e  o y s te r  m uscle p roceeds a t  a  much slow er r a t e  th a n  in  
mammalian m uscle , where a l l  a v a i la b le  glycogen i s  co n v e rted  i n to  l a c t i c  
a c id  w ith in  a  few hours under an ae ro b ic  c o n d it io n s , w hich develop in s id e  
th e  t i s s u e s  fo llo w in g  s la u g h te r .  A p p a ren tly , no in v e s t ig a t io n  has  been  
made o f  g ly c o ly t ic  system s in  o th e r  o y s te r  t i s s u e s ,  a lth o u g h  H atanaka 
(34) found t h a t  m ost o f  th e  g lycogen i s  in  th e  s o f t  t i s s u e .
T his fo rm a tio n  o f  a c id s  n a tu r a l ly  has an e f f e c t  on th e  developm ent 
o f  th e  b a c t e r i a l  f l o r a  and m ight e x p la in  se a so n a l d if f e r e n c e s  in  th e  
k eep in g  q u a l i ty  o f  o y s te r s .  For G u lf o y s te r s ,  a peak in  c a rb o h y d ra te s  
i s  o b ta in e d  i n  May and a minimum in  A ugust (Lee and P ep p er, 4 7 ) . A 
c l e a r  d i s t i n c t i o n  i s  n o t alw ays made betw een pH changes and o th e r  
b io ch em ica l d i f f e r e n c e s  a s  th e y  m a n ife s t them selves in  s t i l l - l i v i n g
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o y s te r s  a s  compared to  th o se  ta k in g  p la c e  in  dead specim ens, w hether in  
th e  s h e l l  o r  shucked. G ardner and W atts (2 6 ) were a b le  to  e s ta b l i s h  
la rg e  s e a so n a l d i f f e r e n c e s  a s  to  th e  i n i t i a l  pH when G u lf o y s te r s  were 
h a rv e s te d .
H unter and H a rriso n  ( 3 7 ) s ta t e d  i n  shucked o y s te r s  s to r e d  a t  
tem p e ra tu re s  below 10°C (50°F) no m u l t ip l ic a t io n  o f  E .c o l i  o r  o th e r  
la c to s e - fe rm e n tin g  b a c t e r i a  o c c u rs . Tonney and W hite ( 82 ) ,  on th e  o th e r  
hand, r e p o r te d  t h a t  E .c o l i  d id  m u lt ip ly  a t  5 to  8 °C (4 l-4 6 ° F ) . W ilson 
and McCleskey ( 8 6 ) co u ld  n o t confirm  t h i s ,  b u t  found t h a t  C olifo rm  
organism s r e a d i ly  developed  when shucked o y s te r s  were s to r e d  a t  U-6 °C 
(59-lf3°F). i n i t i a l l y ,  th e  in c re a s e  was slow , b u t  enormous numbers were 
en co u n tered  a f t e r  3 to  ^ weeks. E .c o l i  d id  n o t m u lt ip ly  and u s u a l ly  
d ec reased  d u rin g  r e f r i g e r a te d  s to ra g e .  The e n te rc o c c i  u s u a l ly  rem ained 
unchanged f o r  ab o u t two w eeks, and o f te n  in c re a se d  a f t e r  5. to  4 weeks. 
C onsequen tly , E .c o l i  ap p ea rs  to  be a  b e t t e r  i n d ic a to r  o f  p o l lu t io n  in  
s to r e d  o y s te r s  th a n  e i t h e r  th e  c o lifo rm  group o r  th e  e n te ro c o c c i.
The b e s t  i n i t i a l  means o f  r e ta rd in g  b a c t e r i a l  s p o ila g e  and av o id in g  
a s s o c ia te d  dangers i s  to  m inim ize th e  degree o f  co n tam in a tio n  in  
p ro c e ss in g  a re a s  and m a in ta in  c a r e f u l  s a n i t a t io n  d u rin g  th e  p r e p a ra t io n .  
E x p e rim en ta l r e s u l t s  a ls o  in d ic a te  t h a t  ra p id  c o o lin g  and low tem per­
a tu r e s ,  as  c lo se  to  32°F a s  p o s s ib le ,  w i l l  a p p re c ia b ly  p ro lo n g  th e  
s to ra g e  l i f e .  Slow c o o lin g  and h ig h e r  s to ra g e  tem p e ra tu re s  a re  co n d u c tiv e  
t o  ra p id  s p o ila g e  (Liebman e t  a l . ,  U8 ) .
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I t  i s  a p p a re n t from th e  review  o f  l i t e r a t u r e  t h a t  fo o d s tu f f s  can 
be p re se rv e d  w ith  im proved p ro d u c t q u a l i ty  u s in g  l i q u id  n i t ro g e n . 
S h e l l f i s h  (shrim p and o y s te r s )  a re  an im p o rta n t food b ecause  o f  t h e i r  
h ig h  n u t r i t i v e  va lue  and p a l a t a b i l i t y .  As an a r t i c l e  o f  commerce o f  
th e  S ta te  o f  L o u is ian a  and a s  a so u rce  o f  incom e, th e  shrim p in d u s t r y  
i s  a  m ajor b u s in e s s . N early  70 p e rc e n t  o f  th e  an n u a l U n ited  S ta te s  
c a tc h  o f  150,000,000 pounds n e t t in g  $10 ,000 ,000  comes from L o u is ian a  
w a te r  around th e  mouth o f  M is s is s ip p i .  The an n u a l lo s s  o f  shrim p 
because o f  sp o ila g e  from th e  tim e caugh t u n t i l  read y  f o r  sh ipm ent to  
rem ote m arkets i s  o f te n  as  h ig h  a s  20 p e rc e n t  o f  th e  t o t a l  c a tc h . In  
a d d i t io n  to  t h i s  l o s s ,  some o f  th e  m ark e tab le  shrim p a re  i n f e r i o r  in  
q u a l i ty .  Due to  th e  c h a r a c t e r i s t i c  o f  th e  p ro d u c t and th e  c o n d itio n s  
un d er w hich i t  i s  c a u g h t, some lo s s  i s  in e v i t a b le  b u t  th e  lo s s e s  shou ld  
and can be reduced c o n s id e ra b ly  below th e  p r e s e n t  l e v e l .
Table V shows th e  t o t a l  su p p ly  o f  shrim p in  th e  U n ited  S ta te s  
(1952-1962) and th e  n u t r i t i o n  va lue  o f shrim p a re  p re se n te d  i n  T ab les 














T o ta l  Supply  o f  Shrimp i n  th e  U n ited  S ta te s  ( 1952- I 962) ( 5  )




H ea d s -o ff , 
Thousand 
Pounds $  T o ta l
H e a d s -o ff , 
Thousand 
Pounds $  T o ta l
H ead s-o ff  
Thousand 
Pounds
227,221 135,251 78 38 ,471 22 173,722
260,357 154,974 78 43,100 22 198,074
268,334 159,723 79 41 ,519 21 201,242
244,335 145,438 73 53,772 27 199,210
224,173 133,436 66 68,618 34 202,054
203,882 121,358 64 69,676 36 191,034
213,842 127,287 60 85,394 40 212,681
240,182 142,965 56 111,704 44 254,669
249,452 148,483 55 H 9 , l3 8 45 267,622
174,530 103,887 44 134,564 56 238,451




C hem ical C om position o f  Meat o f  A t la n t ic  C o ast O y s te r, 
B r i t i s h  O y ste r  and New Z ealand O y s te r  (8 3 )
A t la n t ic  B r i t i s h  New Zealand 
O y s te r  O y ste r O y ste r
C o n s ti tu e n ts ______  # ^ _______________ ______
W ater 86 .0  76.81* 75-2 - 7 8 .8
Dry M a tte r  1 3 .1
P r o te in  6 .2  11 .18  12 .20  -  13-72
F a t  1 .2  1 .9 7  I .83  -  3 .66
C arb o h y d ra tes  3-7  8 .0
G lycogen 7 .5 8  0 .5  -  3 .7 4
Sodium C h lo r id e  0 .2 2
O th er M in e ra l S u b stan ces 1 .64
Ash 2 .0  2 .0 2
TABIE VH  
N u tr it iv e  Values o f  Shrimp (8 3 )
g p er 100 g C a lo r ies
Carbo- p er  mg p er 100_g___________________
Food P ro te in  Fat hydrates 100 g Na K Ca Mg Fe Cu P S C l
Shrimp 22-3 2 .4  0 .0  114 3840 404 320 105 1 .8  0 .8 0  270 340 5840
Shrimp
(weighed
w ith  s h e l l s )  7 .4  0 .8  0 .0  38 1260 133 105 35 0 .6  0 .2 6  89 112 1930
ro
TABLE V III
N u tr i t iv e  V alues o f  O y s te rs  (3*0
Food
O y ste r (raw )
O y ste r (raw , 
w eighed w ith  
s h e l l )
g p e r  100 g   C a lo r ie s
C arbo- p e r  
P r o te in  F a t  h y d ra te s  100 g
1 0 .2  0 .9  T r 50
1.2 0.1 T r
mg p e r  100 g
Na K Ca Ms Fe C l
505 258  186 .0  * a .8  6 .0  267 2^9 815
61 51 2 2 .3  5 -0  0 .7  32 30 98
ro03
I I I .  THEORY AND METHODS OF QUICK FREEZING
T heory : The p ro ce ss  which has  g iven  i t s  name to  "Quick F reez in g "
i s  th e  method o f  f re e z in g  a l l  k in d s  o f  food v e ry  r a p id ly  and a lth o u g h  
f a s t  f re e z in g  may he th e  u l t im a te  s o lu t io n  to  a l l  food  p re s e rv a t io n  . 
p rob lem s, i t  i s  n e v e r th e le s s  im p o rta n t.
I n  g e n e ra l ,  i f  foods a re  f ro z e n  v e ry  q u ic k ly , t h e i r  q u a l i ty  upon 
thaw ing i s  b e t t e r  th an  i f  th e y  a re  fro z e n  s lo w ly . Food c o n ta in s  w a te r  
w hich i s  c o n v e rted  in to  t i n y  ic e  c r y s t a l s  d u rin g  f r e e z in g  and th e se  
c r y s t a l s  v a ry  in  s iz e  a c c o rd in g  to  th e  speed o f  f r e e z in g .  Slow f re e z in g  
cau ses  la rg e  c r y s t a l s  to  dev e lo p , w h ile  more r a p id  f re e z in g  p roduces 
s m a lle r  c r y s t a l s .  In  complex s t r u c tu r e s  such as  food which c o n s is t s  o f  
a  m ix tu re  o f  many co m p lica ted  compounds and a  g r e a t  d e a l  o f  w a te r ,  th e r e  
i s  no d e f in i t e  o r  f ix e d  f re e z in g  p o in t ,  and a c tu a l  s o l i d i f i c a t i o n  ta k e s  
p la c e  o v e r a  two o r  th re e  degree  tem p era tu re  ra n g e . The s t r a t a  i n  th e  
tem p e ra tu re  g r a d ie n t  i s  known as  th e  "Zone o f  maximum c r y s t a l  fo rm a tio n " .
A t f i r s t ,  i t  was p o s tu la te d  t h a t  th e  rea so n  why qu ick  f ro z e n  foods 
w ere b e t t e r  th an  foods f ro z e n  more s lo w ly , was b ecause  when sm a ll ic e  
c r y s t a l s  were formed d u rin g  qu ick  f r e e z in g ,  th e y  would n o t b u r s t  o r  
d is r u p t  th e  t i n y  c e l l s  in  th e  fo o d , a s  would l a r g e r  c r y s t a l s ,  th u s  
a llo w in g  th e  food n u t r i e n t s  to  escape  i n  th e  form  o f  d r ip ,  a f t e r  thaw ing 
( 7 5 ) • rea so n  f o r  t h i s  t r e n d  o f  th in k in g  was p ro b a b ly  encouraged by
th e  f a c t  t h a t  much o f  th e  e a r ly  work on f a s t  f re e z in g  was done w ith  m eat, 
and th e r e  i s  a b s o lu te ly  no doubt t h a t  slow f ro z e n  m eat i s  b roken  down
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and does veep  o r  d r ip  more l i b e r a l l y  th an  vhen qu ick  f ro z e n . T his 
a p p l ie s  to  m ost fo o d s , and a s  an exam ple, th e r e  i s  a d i f f e r e n c e  betw een 
f a s t  f ro z e n  and slow  f ro z e n  s tr a w b e r r ie s  when th e y  a re  thaw ed and 
in s p e c te d  im m ed ia te ly  a f t e r  f r e e z in g ,  and w ith o u t lo n g  te rm  s to ra g e .
I f ,  how ever, s tr a w b e r r ie s  o r  o th e r  foods a re  s to r e d  f o r  c o n s id e ra b le  
p e r io d s  a f t e r  f r e e z in g ,  and b e fo re  thaw ing and in s p e c t io n ,  th e n  th e  
d if f e r e n c e  betw een th o se  fro z e n  q u ic k ly  and th o se  f ro z e n  s lo w ly , becomes 
p r o g re s s iv e ly  l e s s  marked (7^ ) .
The ad v an tag es o f  f a s t  f re e z in g  d im in ish es  a f t e r  s to r a g e ,  which 
in d ic a te s  t h a t  f a s t  f r e e z in g  a lo n e  i s  n o t th e  answ er to  h ig h  g rade 
f ro z e n  fo o d s , and t h a t  c o n d itio n s  o f s to ra g e  a re  a l s o  im p o rta n t .  I t  
h as  been  found t h a t  d u rin g  s to r a g e ,  th e ' sm a ll i c e  c r y s t a l s  form ed d u rin g  
v e ry  ra p id  f re e z in g  te n d  to  jo in  to g e th e r  to  form  b ig g e r  o n es , and 
e v e n tu a l ly  t h i s  o r ig in a l  advantage o f  f a s t  f r e e z in g  i s  d e fe a te d  ( 5  ) .
The jo in in g  to g e th e r  o f  sm a ll c r y s t a l s  to  make l a r g e r  ones can be 
reduced  c o n s id e ra b ly  i f  p ro p e r  c o n d itio n s  o f  s to ra g e  a r e  a s s u re d . T his 
r e q u ire s  s to ra g e  a t  a  low er te m p e ra tu re , coupled  w ith  a b s o lu te  minimum 
v a r i a t io n  o f  te m p e ra tu re  above o r  below th e  mean p re s c r ib e d .  E very  tim e 
f ro z e n  food  r i s e s  a  degree o r  two i n  te m p e ra tu re , and th e n  d rops ag a in  
d u rin g  s to r a g e ,  th e  jo in in g  to g e th e r  o f  ic e  c r y s t a l s  i s  a c c e le r a te d  and 
th e  q u a l i ty  o f  th e  food d e te r io r a te s .
More e x te n s iv e  re se a rc h  has shown t h a t  th e  a c tu a l  s iz e  o f  th e  
c r y s t a l s  form ed w ith in  th e  f ro z e n  foods e i t h e r  a t  th e  tim e o f  f re e z in g  
o r  a s  a  r e s u l t  o f  s to ra g e  c o n d it io n s ,  in s o f a r  a s  la r g e  c r y s t a l s  m ight
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b u r s t  open c e l l s ,  I s  n o t s t r i c t l y  t r u e .  I t  i s  n o t  a m a tte r  o f  b ig  Jagged 
c r y s t a l s  p u n c tu r in g  th e  c e l l  and l e t t i n g  th e  Ju ic e  o u t ,  b u t  r a t h e r ,  i t  
i s  a m a t te r  o f  where and how c r y s ta l s  a re  form ed. As has been  s ta t e d ,  
foods a re  made o f  a  co m plica ted  m ix tu re  o f  chem ical compounds, some in  
th e  form o f  J e l l y - l i k e  su b s tan ces  ( p r o te in s ) ,  some e i t h e r  suspended o r  
d is s o lv e d  i n  w a te r ,  b u t  a ls o  a t ta c h e d  to  o r  form ing a  p a r t  o f  p r o te in  
m o lecu les  (7*0 • When th e  foods b eg in  to  f r e e z e ,  th re e  r e a c t io n s  o ccu r 
(75) .
(1 )  The f r e e  w a te r  b eg in s  to  form w ith  a lm o st h ard  and a lm o st 
p u re  lumps in  th e  form  o f c r y s t a l s ,  and in  so doing throw s o u t suspended 
s o l id s  w hich a re  d is s o lv e d  in  i t .
(2 )  The w a te r  p r e s e n t  in  and form ing in  i n t e g r a l  p a r t  o f  p r o te in  
m o lecu les  fo rc e s  i t s  way o u t o f  them and ag a in  form s r e l a t i v e l y  pure  
c r y s t a l s .
( 5 ) I n  g e n e ra l ,  w a te r  co n ta in ed  w ith in  th e  main o u te r  s k in  o f  th e  
c e l l ,  te n d s  to  fo rc e  i t s e l f  o u t o f  th e  c e l l  and form ic e  c r y s t a l s  on 
th e  o u te r  s id e .
I n  o rd e r  t h a t  any f ro z e n  food s h a l l  resume i t s  o r ig in a l  s t a t e ,  
shape and s i z e ,  a f t e r  s to ra g e  and thaw ing , th e  above d e sc r ib e d  p ro c e sse s  
m ust be co m p le te ly  r e v e r te d .  T h is  can be ach iev ed  by p ro p e r  p ro c e s s in g  
o f  foods b e fo re  f r e e z in g ,  b y  ra p id  f re e z in g  and p ro p e r  s to ra g e .
Methods o f  Quick F re e z in g : Due to  th e  g r e a t  em phasis upon r a p id
f r e e z in g  o f  fo o d s , many in v e n to rs  o th e r  th an  C laren ce  B ird sey e  have
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d ev ised  v a r io u s  means o f  h a s te n in g  f re e z in g .  C re d it  i s  to  he g iven  to  
O tten sen  f o r  p e r f e c t in g  th e  b r in e  f r e e z in g  o f  f i s h  (7 8 ) . R. B. T ay lo r 
in v e n te d  a  method o f  ra p id  f re e z in g  o f  s tra w b e r r ie s  and o th e r  f r u i t s  i n  
in v e r t  su g a r  sy rups ( 8 3 ) . Z a ro tsc h e n z e ff  (83 ) p a te n te d  a  p ro ce ss  f o r  
f re e z in g  f i s h  i n  b r in e  fo g .
O th ers  who s tu d ie d  th e  f r e e z in g  o f  foods by im m ersion in  o r  sp ray in g  
w ith  su g a r sy rups in c lu d e d  B a r t l e t t  and W oolrich ( 3 ) o f  th e  U n iv e rs i ty  
o f  T exas.
A ir  B la s t  F ree z in g  System : In  th e  a i r  b l a s t  f re e z in g  system , th e
foods to  be f ro z e n  a re  p la c e d  upon rack s  o r  a  moving b e l t  w ith in  an 
in s u la te d  box and s u b je c te d  to  a  b l a s t  o f  co ld  a i r .  In  t h i s  c a s e , h e a t  
i s  removed from  th e  food in to  th e  a i r  and then  t r a n s f e r r e d  from th e  a i r  
to  th e  c o o lin g  c o i l s  ( 7 9 ) •
A l l  b l a s t  f r e e z e r s  a re  b a s ic a l ly  th e  same and c o n s is ts  o f  a  box 
c o n ta in in g  a  bank o f  c o o lin g  c o i l s ,  and space f o r  th e  foods to  be 
f ro z e n  w ith  fa n s  to  c i r c u l a t e  th e  a i r  o v e r th e  p ro d u c t to  th e  c o i l s  and 
back  a g a in . S p e c ia l  c o n s id e ra t io n s  m ust be g iven  to  b l a s t  f r e e z e r  d esig n  
and o p e ra t io n , a s  fo llo w s :
(1 ) The s iz e  o f  th e  com pressor and c o o lin g  p la n t  must be la rg e  
enough to  d e a l w ith  th e  h e a t  lo a d  imposed by th e  q u a n t i ty  o f  foods to  
be f ro z e n  and t h i s  w i l l  depend p a r t l y  upon th e  s p e c i f i c  and l a t e n t  h e a t  
o f  each  food.
(2 ) S in ce  i t  i s  d e s ir a b le  to  f re e z e  th e  foods q u ic k ly  and reduce 
them to  a  tem p e ra tu re  o f  around  0°F , th e  o p e ra tin g  tem p era tu re  m ust be 
w e ll  below 0°P .
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(3 )  A l l  th e  h e a t  e x t r a c te d  from  th e  foods to  co o l and f re e z e  them 
m ust p a ss  to  th e  c o o lin g  c o i l s  v ia  th e  a i r .  T h e re fo re , enough a i r  m ust 
be c i r c u la te d  to  f u l f i l l  t h i s  f u n c t io n ,  and a l s o ,  th e  foods m ust be 
a rran g ed  w ith in  th e  f r e e z e r  so t h a t  a i r  can c i r c u l a t e  f r e e l y  around them.
(4 ) S ince th e re  i s  alw ays a ten d en cy  f o r  m o is tu re  to  m ig ra te  from 
a warm to  a co ld  s u r fa c e ,  s te p s  m ust be tak en  to  p re v e n t th e  foods from 
becoming dehydrated  d u rin g  f r e e z in g .
I n  c o n s id e rin g  th e  above re q u ire m e n ts , f o r  h e a t  flow  from  th e  foods 
to  th e  a i r ,  and th en  from th e  a i r  to  c o o lin g  c o i l s ,  th e r e  m ust be a 
s e r i e s  o f " tem p era tu re  g r a d ie n t" .  T ha t i s  th e  a i r  m ust alw ays be s l i g h t l y  
c o ld e r  th an  th e  fo o d s , and th e  c o o lin g  c o i l s  m ust be s l i g h t l y  c o ld e r  
th an  th e  a i r .  Thus, i f  th e  f i n a l  te m p e ra tu re  o f  th e  food i s  to  be 0°P, 
th e n  th e  a i r  m ust be below 0°F , and th e  c o i l s  s u f f i c i e n t l y  below t h i s  
tem p era tu re  ( 79) •
A ir  i s  capab le  o f  h o ld in g  more o r  l e s s  suspended m o is tu re  acco rd in g  
to  i t s  v a r ia t io n  in  te m p e ra tu re . The warmer th e  a i r ,  th e  more m o is tu re  
i t  w i l l  h o ld . T h e re fo re , i f  th e  warm a i r  i s  c o o led , th e re  w i l l  approach 
a tim e th e  tem p era tu re  d ro p s , when th e  a i r  can no lo n g e r  r e t a i n  a l l~ th e  
m o is tu re  suspended in  i t .  C ontinued  c o o lin g  below  t h i s  p o in t  w i l l  r e s u l t  
in  m o is tu re  b e in g  e x p e lle d  from th e  a i r  a s  dew o r  m is t .  I t  fo llo w s  th a t  
i f  c o ld  a i r  comes in to  c o n ta c t  w ith  warm foods and in  so d o in g , i t s e l f  
become warmed, i t  w i l l  te n d  to  p ic k  up th e  m o is tu re  from  th e  food . I f  
t h a t  same a i r  i s  th en  p assed  a c ro s s  th e  c o ld  c o i l s ,  i t  w i l l  d e p o s it  
some o f  th e  m o is tu re  i t  fo rm e rly  p ic k e d  from  th e  fo o d , on to  th e  c o i l .
So I t  i s ,  t h a t  in  a  b l a s t  f r e e z e r ,  where a i r  i s  c o n s ta n t ly  b e in g  warmed 
by  food and th en  coo led  a g a in  by p ip e s ,  m o is tu re  i s  c o n s ta n t ly  drawn 
from  th e  food  and p assed  to  th e  c o i l s ,  where i t  f r e e z e s  a s  snow. T h is 
n o t  o n ly  s p o i l s  th e  food  and le a d s  to  a  d r ie d -o u t  c o n d i t io n ,  b u t  a ls o  
i t  b lo c k s  up c o i l s  b y  f i l l i n g  spaces w ith  snow and so red u ces  c o o lin g  
c a p a c i ty  ( 83) .
The d eh y d ra tio n  o f  foods can be g r e a t ly  reduced  by th e  use  o f  good 
p ack ag in g , b u t  s te p s  m ust be tak en  to  p re v e n t th e  u n d e s ira b le  e f f e c t s  o f  
m o is tu re  m ig ra tio n  d u rin g  b l a s t  f r e e z in g .  T h is  can be ach iev ed  in  e i t h e r  
o f  th e  fo llo w in g  p ro c ed u re s :
(1 )  C oo ling  may be s ta g e d , so t h a t  th e  p ro d u c t i s  r e l a t i v e l y  warm 
b y  k eep ing  th e  tem p era tu re  d if f e r e n c e s  betw een th e  p ro d u c t to  be  fro z e n  
and th e  c o ld  a i r .
(2 ) When no in te rm e d ia te  s te p s  a re  em ployed, a l l  th e  c i r c u la te d  
a i r  i s  k e p t a t  a much low er tem p era tu re  th a n  t h a t  a c tu a l ly  re q u ire d  to  
remove th e  h e a t  from th e  p ro d u c t and f re e z e  i t .  I n  f a c t ,  a i r  tem per­
a tu r e s  o f  ab o u t -3 0 °P have been found to  be i d e a l ,  becau se  a t  such a 
low te m p e ra tu re , a i r  i s  cap ab le  o f  c a r ry in g  much m o is tu re , and even 
though  more a i r  has to  be c i r c u la t e d ,  th e  d ry in g  e f f e c t  i s  reduced  ( 11) .
I n  a l l  b l a s t  f r e e z e r s ,  r e g a rd le s s  o f  th e  ty p e ,  i t  i s  advantageous 
t o  have la r g e  c o o lin g  c o i l s  o p e ra te d  a t  tem p e ra tu re  r e q u ire d ,  r a th e r  
th a n  em ploying sm a lle r  c o i l s  a t  low er te m p e ra tu re s .
M u ltip le  F r e e z e r s : Large q u a n t i t i e s  o f  food a re  f ro z e n  in  m u lt ip le
p l a t e  f r e e z e r s .  The o r ig in a l  B ird sey e  f r e e z e r  was c a l le d  a double b e l t
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f r o s t e r  and c o n s is te d  o f  two lo n g  f l e x ib l e  s t e e l  b e l t s ,  one superim posed 
above th e  o th e r  in  an in s u la te d  tu n n e l .  The packages c o n ta in in g  food to  
be f ro z e n  were p la c e d  on th e  u pper s id e  o f  th e  low er b e l t .  The low er 
s id e  o f  th e  u pper b e l t  r e s te d  on th e  packaged p ro d u c ts  b e in g  f ro z e n .
Cold b r in e  was sp ray ed  "down on th e  low er p a r t  o f  th e  upper b e l t  and upon 
th e  u pper p a r t  o f  th e  low er b e l t .  T h is ty p e  o f  f r e e z e r  i s  somewhat more 
f l e x ib l e  th a n  th e  B ird sey e  f r e e z e r  now u sed , in  t h a t  packages o f  v a r io u s  
th ic k n e s s  can be f ro z e n  s im u lta n e o u s ly  ( 4  ) .
The modem ty p e  o f  p l a t e  f r e e z e r s  a re  s u i ta b le  f o r  f r e e z in g  
r e l a t i v e l y  t h in  p ackages. They resem ble th e  o r ig in a l  B ird sey e  b e l t  
f r o s t e r s  i n  t h a t  th e  p ro d u c t i s  f ro z e n  by  p la c in g  i t  betw een two 
r e f r i g e r a te d  m e ta l s u r fa c e s  w hich a re  c a l l e d  by  a  r e f r i g e r a n t .  In  
p r e s e n t  p l a t e  f r e e z e r s ,  a l l  o f  th e  packages p la c e d  on a s in g le  p la t e  
m ust b e  o f  un ifo rm  th ic k n e s s .  A f te r  lo a d in g , h y d ra u lic  p re s s u re  i s  
a p p lie d  to  squeeze th e  packaged p ro d u c t betw een th e  r e f r i g e r a te d  
p l a t e s  ( 2 ) .  In  some f r e e z e r s  ammonia i s  c i r c u la te d  th ro u g h  s in o u s  
p assag es  i n  th e  p l a t e s ;  i n  th e  o th e r s  a  f re o n  r e f r i g e r a n t  i s  used .
I n  g e n e ra l ,  p l a t e  f r e e z e r s  a re  q u i te  s a t i s f a c t o r y  f o r  f re e z in g  
foods i n  r e l a t i v e l y  sm a ll packages o f  un ifo rm  th ic k n e s s .  They a re  
u n s u ite d  f o r  use  when in d iv id u a l ly  qu ick  f ro z e n  p ro d u c ts  a r e  d e s ir e d ,  
such a s  p e a s ,  whole k e rn e l  c o m , a sp a rg u s  s t a lk s  and th e  l i k e .
Im m ersion F re ez in g  by  th e  Use o f  C ryogenic G ases ; In  r e c e n t  y e a rs ,  
s e v e r a l  r e s e a rc h  and developm ent l a b o r a to r ie s  have a tte m p te d  to  develop 
s a t i s f a c t o r y  means o f  f re e z in g  a  number o f  p ro d u c ts  which have met th e
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u s u a l  q u a l i ty  s ta n d a rd s  o f  o th e r  f ro z e n  foods when f ro z e n  i n  a i r - b l a s t  
and p l a t e  f r e e z e r s .  I n  some in s ta n c e s  t h i s  has  been  accom plished  by 
im m ersion f r e e z in g  in  l i q u i d  n i t ro g e n  o r  n i t r o u s  ox ide  ( 3  ) .
The I .  G. F a rb e n in d u s tr ie ,  o f  F r a n k fu r t ,  Germany has been a  le a d e r  
i n  th e  s tu d y  o f  im m ersion f r e e z in g  in  l i q u id  n i t r o u s  ox ide  (7 9 ) . S h o r tly  
a f t e r  th e  te rm in a tio n  o f  W orld War I I ,  t h a t  company b u i l t  a  p i l o t  p la n t  
hav in g  a  c a p a c ity  o f  one to n  o f  food p e r  h o u r, i n  which th e y  s tu d ie d  
th e  f re e z in g  o f  many k in d s  o f  v e g e ta b le s  and f r u i t s .  The n i t r o u s  oxide 
w hich b o i l s  o f f  d u rin g  th e  f re e z in g  o p e ra tio n  i s  r e l i q u i f i e d ,  and used  
r e p e a te d ly .  Im m ersion in  l i q u i d  n i t r o u s  ox ide  f r e e z e s  sm a ll v e g e ta b le s  
such a s  peas o r  lim a b e a n s , in  a  m inute o r  tw o, w hereas t h i r t y  m inutes 
a re  r e q u ire d  to  produce in d iv id u a l ly  qu ick  f ro z e n  p ro d u c ts  on a  b e l t  
i n  an a i r - b l a s t  f r e e z e r ,  and ab o u t two hours i s  r e q u ire d  to  f re e z e  a 
ten -o u n ce  package o f  th e s e  v e g e ta b le s . F ig u re  3 shows th e  average 
f r e e z in g  tim e by d i f f e r e n t  m ethods.
A c u t-u p  f ry in g  ch ick en  (w e ig h t ab o u t 2 pounds) w i l l  f r e e z e  in  
3 to  ^ m inu tes by im m ersion f r e e z in g ,  d u rin g  w hich tim e th e  sample 
immersed in  8 °F, b r in e  would n o t  have begun to  f r e e z e ,  b u t  m erely  be 
co o led  to  20°F (5  )•
When whole s tr a w b e r r ie s  a re  packaged and f ro z e n  b y  co n v e n tio n a l 
p ro c e s s e s ,  o r  in d iv id u a l ly  f ro z e n  in  an  a i r - b l a s t ,  th e  p ro d u c t i s  f a r  
from s a t i s f a c to r y .  When f ro z e n  by  d i r e c t  im m ersion th e  p ro d u c t i s  f a r  
s u p e r io r  in  i t s  q u a l i ty  ( 5 ) .
The th e rm a l p r o p e r t i e s  o f  l i q u id  n i t ro g e n  and l i q u id  n i t r o u s  ox ide 
a re  p re se n te d  in  T able IX. These d a ta  a re  borrow ed from 78,
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TABLE IX
P ro p e r t ie s  o f  L iq u e f ie d  Gases f o r  Im m ersion 
F re e z in g  o f  Foods (7 8 / 4)
N itro u s  Oxide N itro g e n
B o ilin g  P o in t  ( l  ATM, °F) -127 .237 -320 .454
L a te n t H eat o f  V a p o riza tio n  
( a t  B .P .,  B .T .U ./L b) .161.78 85 .67
S e n s ib le  H eat (Gas to  70°F) B .T .U ./L b 40 .00 96 .9 9
T o ta l  H eat to  70°F 201.78 182.66
L iq u id  D e n s ity  a t  B .P . (L b /F t3 ) 76 .54 50 .44
Gas D e n s ity  a t  0°C, AOM (L b /F t3 ) 0 .1148 0 .078
S p e c if ic  Volume, S tan d ard  C o n d itio n s  
( F t3/L b ) 8.711 13 .80
S p e c if ic  H eat R a tio  (k ) a t  70°F, 
1 ATM, K = Cp/Cv 1.260 1 .4 0
S p e c if ic  H ea t, C o n s tan t P re s s u re  a t  
70°F 0.2095 0.2481
S p e c if ic  H ea t, C o n s tan t Volume a t  . 
70°F 0.1609 0.177*
M o lecu la r W eight 44.016 28.016
C o lo r, Odor None None
IV . APPLICATION OP CRYOGENIC GASES FOR THE 
QUICK FREEZING OF FOODS
The word c ry o g en ics  means r e l a t in g  to  c o ld , b e in g  d e riv e d  from 
th e  G reek words 'k ry o s ' w hich means ' i c y  c o ld ' and 'g e n e s ' which means 
b o m . A ccording to  a u t h o r i t i e s  ( 78 ) t h i s  word d a te s  from ab o u t l875> 
b u t  a p p a re n tly  has n o t been used  to  any g r e a t  e x te n t  b e fo re  abou t 1955> 
p r i o r  to  t h a t  d a te  m ost a u th o rs  used  th e  term  'Low T em perature ' to  
d e s c r ib e  th e  re se a rc h  and a p p l ic a t io n s  o f  th e  sc ie n c e  o f  c ry o g en ic s , 
which d a te  back  to  ab o u t 1900 when th e  cryogen ic  gases were f i r s t  
in tro d u c e d .
The av erag e  U n ited  S ta te s  c i t i z e n  consumes o v er 1 ,000 pounds o f  
food p e r  y e a r . Of t h i s  am ount, ab o u t 5 p e rc e n t i s  hand led  as fro z e n  
fo o d , 30 p e rc e n t  i s  h and led  w ith o u t f re e z in g  b u t  under r e f r i g e r a t i o n ,  
and p erhaps 1 p e rc e n t  i s  h and led  a t  room tem p era tu re  and i s  p ro te c te d  
from ad v e rse  en v iro n m en ta l e f f e c t s  by  shipm ent in  an i n e r t  atm osphere. 
Each o f  th e s e  c a te g o r ie s  r e p re s e n ts  an a p p l ic a t io n  o f c ry o g en ics  - th e  
f i r s t  two use  l i q u id  n i t ro g e n  a s  r e f r i g e r a n t ,  w h ile  th e  t h i r d  b e lo n g s 
i n  th e  c ry o g en ic  g roup-because  th e  gaseous n i tro g e n  re q u ire d  has been 
s e p a ra te d  from  th e  a i r  by  c ry o g en ic  m eans, in  a  manner s im i la r  to  
l iq u id  n i tro g e n .
The d im ensions o f  th e  volume o f  food hand led  under r e f r i g e r a t i o n  
in  th e  U n ited  S ta te s  a lo n e  can be judged from 1959 s t a t i s t i c s  ( 4 ) .  I n  
t h a t  y e a r , 8 b i l l i o n  pounds o f  f ro z e n  fo o d , and 67 b i l l i o n  pounds o f
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p e r is h a b le  food were s o ld . The t r a n s p o r t  o f  t h i s  food r e q u ire d  115,000 
r a i l r o a d  c a r s ,  40,000 highway t r a i l e r s ,  and 200,000  long  and s h o r t  h au l 
t ru c k s .  C o n sid e rin g  j u s t  th e  f ro z e n  food  and assum ing t h a t  2 cub ic  
f e e t  o f  n itro g e n  would be re q u ire d  p e r  pound o f  f o o d .t r a n s p o r te d  from 
f re e z in g  p la n t  to  d i s t r i b u t i n g  w arehouse, one can fo re s e e  a  n itro g e n  
demand o f  16 b i l l i o n  cu b ic  f e e t ,  o r  somewhat b e t t e r  th a n  a b i l l i o n  
pounds p e r  y e a r . T ra n sp o rt from  th e  d i s t r i b u t i n g  w arehouse to  th e  
r e t a i l  m ark e te r  would in c r e a s e  t h i s  p o t e n t i a l  f u r th e r .  The use  o f 
l iq u id  n i tro g e n  f o r  r e f r i g e r a t i o n  o f  th e  f r e s h  m eat and produce which 
a re  sh ipped  a t  55°F, a ls o  would in c r e a s e  th e s e  f ig u r e s .
The cry o g en ic  gases  a re  th o se  g ases  whose b o i l in g  p o in ts  a re  
below -100°C ( - l4 8 ° F ) .  Thus, th e y  in c lu d e  m ost o f  th e  common a tm ospheric  
gases  such as  neon, k ry p to n  and xenon. Of o th e r  g a s e s , th e  cry o g en ic  
group in c lu d e s  e th y le n e , w hich i s  a  b o rd e r  l i n e  c a s e , b o i l in g  a t  -10k°C 
(-1 5 5 °F ). The fo u r  which a re  a v a i la b le  in  th e  g r e a te s t  q u a n t i t i e s ,  and 
which acco u n t f o r  m ost o f  th e  c ry o g en ic  re s e a rc h  and a p p l ic a t io n s  a re  
oxygen, n itro g e n  helium  and hydrogen. These fo u r  m ajor c ry g e n ic  gases 
may be c l a s s i f i e d  in to  two g ro u p s, c h a r a c te r iz e d  a s  co ld  and v e ry  co ld .
N itro g en  i s  th e  m ajor c o n s t i tu e n t  o f  a i r ,  acco u n tin g  f o r  78 p e rc e n t 
by  volume o r  7 5 * ^  p e rc e n t by  w e ig h t. L iq u id  n i tro g e n  b o i l s  a t  -196°C 
(-321°F ) and f re e z e s  a t  -210°C (-3 ^ 6 ° F ) . The th e rm a l p r o p e r t i e s  o f  
l i q u id  n itro g e n  a re  p re se n te d  in  th e  A ppendix.
The volume o f  n i tro g e n  produced  i s  in c r e a s in g ,  and i s  r a p id ly  
becoming a le a d e r  i n  chem icals  produced i n  th e  l a r g e s t  q u a n t i ty .  There
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a re  ab o u t k to n s  o f  n i t ro g e n  a v a i la b le  in  th e  a i r  f o r  ev e ry  to n  o f  oxygen. 
To day, ab o u t 0 .5  to n s  o f  n i tro g e n  p e r  to n  o f  oxygen i s  p roduced , th e  
r e s t  o f  th e  n i tro g e n  b e in g  v en ted  to  th e  atm osphere. More a i r  s e p a ra t io n  
p la n t s  a re  b e in g  b u i l t  ev ery  day , and a  g r e a te r  p ro p o r tio n  o f  n i tro g e n  
to  oxygen i s  b e in g  re c o v e re d  a s  new u ses  o f  n i tro g e n  develop  and o ld  
ones expand.
I n  th e  U n ited  S ta te s  a lo n e , th e  p ro d u c tio n  o f  e lem en ta ry  n i tro g e n  
in  a i r  s e p a ra t io n  p la n ts  to d ay  amounts to  about 2 .3  m i l l io n  to n s  p e r  
y e a r  ( 1  ) .
The f re e z in g  o f  foods by  l i q u i d  n i tro g e n  i s  an a t t r a c t i v e  p o s s i ­
b i l i t y ,  b u t n o t e x a c t ly  a new one. C la ren ce  B ird sey e , r e p o r te d ly  t r i e d  
i t  ab o u t 1925> b u t abandoned i t  b ecause  o f  th e  c o s t .  The p ro d u c tio n  o f  
ch eap er n i tro g e n  and v a s t ly  im proved in s u la t io n  te c h n iq u e s  a re  now 
le a d in g  to  a  re -e x a m in a tio n  o f  th e  com m ercial c a p a b i l i t i e s  o f  t h i s  
p ro c e s s .  The f r e e z in g  o f  foods by im m ersion in  l iq u id  n i t ro g e n  i s  
p r im a r i ly  o f  i n t e r e s t  f o r  p ro d u c ts  t h a t  canno t be fro ze n  s a t i s f a c t o r i l y  
b y  o th e r  m ethods.
An a p p a ra tu s  f o r  im m ersion f r e e z in g  o f  fo o d s tu f f s  in  l i q u id  n i tro g e n  
i s  shown in  F ig u re  1 . I t  i s  a conveyor b e l t  c o n s is t in g  o f  s l a t s  c a r r i e d  
by two p a r a l l e l  c h a in s . F i r s t  c o n ta c t  w ith  l iq u id  n i t ro g e n  f re e z e s  a l l  
exposed s u r f a c e s ,  s e a l in g  in  f la v o r  and aroma. The p ro c e ss  ta k e s  7 
m inu tes as  compared to  15 to  60 m inu tes needed to  f re e z e  food  by  some 
c o n v e n tio n a l m ethods.
C hain Conveyor
Gas E x i t




F i l l  And D rain
L iq u id  N itro g e n
F ig u re  1  -  Conveyor f o r  Food F re e z in g  "by 
Im m ersion i n  L iq u id  N itro g e n
In  th e  l iq u id f r e e z e  p ro c e s s , developed by  W illa rd  M orrison  ( 76) ,  
l i q u id  n i tro g e n  i s  used  to  f re e z e  th e  w a te r c o n te n t o f  food ; and th e  
p ro c e ss  th e n  r e l i e s  on t h i s  i c e ,  and th e  e v a p o ra tio n  o f  th e  l iq u id  
n i tro g e n  rem ain ing  in  th e  in s u la te d  c o n ta in e r  to  m a in ta in  food tem per­
a tu r e  a t  th e  r e q u ire d  low le v e l  d u rin g  sh ipm ent. I n  a s ix -w eek  t r i p  
from  C a l i f o r n ia  to  New York v ia  th e  Panama C an a l, a mixed lo a d  o f 
f ro z e n  food p re p a re d  by  th e  l iq u i f r e e z e  p ro ce ss  a r r iv e d  a t  i t s  
d e s t in a t io n  a t  a  tem p era tu re  o f -37°C ( 3 ) .
I n  t h i s  p ro c e s s ,  l i q u id  n itro g e n  i s  pumped in to  an in s u la te d  box 
packed w ith  f ro z e n  food . As th e  l iq u id  n i tro g e n  v ap o riz e s  and escapes 
th ro u g h  v en t h o le s  in  th e  box , th e  tem p era tu re  drops to  a s  low as 
-12 °C (-2 0 0 °F ) . The tem p era tu re  rem ains below zero  f o r  a s  long  as  a 
m onth.
In  th e  P o la rs tre a m  method, l i q u id  n i tro g e n  i s  s to r e d  aboard  a 
t ru c k  o r  r a i l r o a d  c a r  used  to  t r a n s p o r t  f ro z e n  fo o d s . When th e  tem per­
a tu r e  f a l l s  to  a  p red e te rm in ed  l e v e l ,  a th e rm o s ta t opens a valve on th e  
l iq u id  c o n ta in e r  and r e le a s e s  a s tream  o f  l i q u id  n i tro g e n  d ro p le ts  and 
c o ld  vapor th ro u g h  a m an ifo ld , lo c a te d  a t  th e  to p  o f  th e  r e f r ig e r a te d  
sp ace . The c o o lin g  o f  th e  cargo  space i s  r a p id  and e f f e c t iv e .
The ad v an tag es o f  l i q u id  n i tro g e n  c o o lin g  a s  opposed to  o th e r  
m echan ica l methods o f  r e f r i g e r a t i o n  can be summarized as  fo llo w s :
( l )  L iq u id  n i tro g e n  c o o lin g  i s  sim ple to  o p e ra te ,  th e  o n ly  moving 
p a r t  b e in g  th e  c o n tr o l  v a lv e , in  th e  l i n e  from th e  n i tro g e n  c y l in d e r  to  
th e  sp ra y  h ead e r.
(2 ) This method ta k e s  l e s s  p re c o o lin g  tim e , and n i tro g e n  can c o o l 
a t  0°F ( - l 8 °C) in  l e s s  th a n  5 m in u tes . F ig u re  2 shows th e  c o o lin g  tim e 
o f  n i t ro g e n  im m ersion a g a in s t  c o n v e n tio n a l m ethods.
(5 ) I t  in v o lv e s  th e  use  o f  au to m a tic  s in g le  va lve  c o n tr o l ,  combined 
w ith  h ig h  c o o lin g  power to  p e rm it good c o n tr o l  i n  h o t w ea th er and w ith  
f re q u e n t  door op en in g s.
(^ )  L iq u id  n i tro g e n  in  c o lo r le s s ,  o d o r le s s ,  t a s t e l e s s  and non­
to x ic .  I t  can be used  i n  d i r e c t  c o n ta c t  w ith  foods w ith o u t danger.
(5 ) Foods may be in d iv id u a l ly  f ro z e n  in  a v ery  s h o r t  tim e by 
d i r e c t  im m ersion (F ig u re  j ) .
( 6 ) The com bination  o f  low b o i l in g  p o in t  -196°C and th e  h ig h  h e a t  
o f  v a p o r iz a t io n  (86  B .T .U ./lb )  o f  l i q u id  n i t ro g e n ,  p lu s  th e  f a c t  t h a t  th e  
gas ab so rb s  ab o u t 80 B .T .U ./lb  in  go ing  from i t s  b o i l in g  p o in t  to  0°F, 
makes l i q u id  n i t ro g e n  an a t t r a c t i v e  cryogen.
(7 )  N itro g e n  expands 600 f o ld  in  i t s  tra n s fo rm a tio n  from  a l iq u id  
to  a g a s . T his c o ld  gas c o n s t i tu t e s  an e f f e c t iv e  medium f o r  co o lin g  
a l l  p a r t s  o f  an e n c lo s u re .
There a re  a l r e a d y  s e v e ra l  com panies u s in g  l iq u id  n i tro g e n  as a 
cryogen f o r  food  p r e s e r v a t io n .  Companies u s in g  t h i s  p ro ce ss  a re  Armour 
and Company (on m e a ts ) , N a tio n a l D a iry  P ro d u c ts  ( f o r  r e s e a r c h ) ,  W ilson 
and Company (on m eats and p o u l t r y ) .  A ir  R eduction  Company and A ir  
P ro d u c ts  and C hem icals, I n c . ,  a ls o  have s im i la r  n i tro g e n  r e f r ig e r a t i o n  
system s in  t h e i r  r e s e a rc h  program s.
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Tomatoes knd bananas have been f ro z e n  by im m ersion in  l iq u id  
n i t ro g e n ,  and th e  p ro d u c ts  o b ta in e d  a re  re p o r te d  to  r e t a i n  many o f  th e  
q u a l i t i e s  o f  th e  f r e s h  v a r ie ty  (7 8 ) . An e a r  o f  co m  fro z e n  in  t h i s  way 
can be d iv e s te d  o f  i t s  k e rn e ls  w ith  no lo s s  in  n u t r i e n t  c o n te n t,  f la v o r  
o r  k e rn e l  s iz e  (79)* S tra w b e rr ie s  and m eats have been s tu d ie d  f o r  
th e  e f f e c t  o f  im m ersion f re e z in g  in  n i t ro g e n ,  and even p a s t r i e s  and 
b ak e ry  goods have been fro z e n  i n  t h i s  medium f o r  com m ercial d i s t r i ­
b u t io n .
A m ajor b re a k -th ro u g h  in  th e  f ro z e n  food f i e l d  -  p ro o f  o f  th e  
b e t t e r  q u a l i ty  o b ta in e d  th ro u g h  im m ersion f re e z in g  in  l i q u id  n i tro g e n  -
t
has been ach iev ed  i n  th e  f i e l d  o f  t r i a l  o p e ra tio n s  conducted  by  A ir  
R educ tion  Company and a  le a d in g  s tra w b e rry  p ac k e r ,-G . A. Barem and Sons, 
o f  B eav erto n , Oregon ( 3 ) .
The d r iv e  f o r  q u a l i ty  im provem ents by t h i s  method o f  f r e e z in g ,  
le d  th e  A ir  R educ tion  Custom er S e rv ic e  L ab o ra to ry , d u rin g  i t s  e v a lu a tio n  
o f  th e  'XYZ' f a c to r s  o f  im m ersion f re e z in g  to  ap p ly  th e s e  co ncep ts  to  
th e  f re e z in g  o f  s tr a w b e r r ie s .  The A irco  'XYZ' f a c to r s  a re  ex p la in ed  
in  Table XX.
D uring th e  t e s t  program , th e  c o ld - o f f  gases  (ev o lv ed  g a se s)  were 
u t i l i z e d  f o r  th re e  b a s is  p u rp o se s :
(1 ) To p ro v id e  r e f r i g e r a t i o n  f o r  removing h e a t  p r io r  to  th e  a c tu a l  
f re e z in g  o f th e  b e r r i e s  - " p re -c o o lin g " .
(2 ) To p ro v id e  a d d i t io n a l  r e f r i g e r a t i o n  f o r  th e  f ro z e n  c a r to n s  o f  
b e r r i e s  u n t i l  such tim e as  th e y  were t r a n s p o r te d  to  th e  c o ld  s to ra g e  
a re a  - " p o s t c o o lin g " .
(3 )  To p ro v id e  a d d i t io n a l  r e f r i g e r a t i o n  and c o n tro l le d  a tm ospheric  
c o n d itio n s  f o r  th e  lu g s  o f  f r e s h  p ro d u c t in  s to ra g e  a re a s  - "supplem entary  
r e f r i g e r a t i o n " .
The obvious b e n e f i t  from a l l  th re e  a p p l ic a t io n s  o f  c o ld  g ases  was th e  
e x te n s io n  o f  th e  s to ra g e  p e r io d  o f  f r e s h  f r u i t  to  72 hours o r  lo n g e r  
under th e  c o n d itio n s  p ro v id ed  by  th e  c o ld  s to ra g e  n i tro g e n  gas a t  40°F. 
T his can be compared to  th e  norm al p ro ced u res  o f  2k hours a t  40-^5°F , 
under m echan ical means ( b ) .
v . EXPERIMENTAL MATERIALS AND METHODS
Scope and O b jec tiv e s  o f  th e  P re s e n t  I n v e s t ig a t io n
The o b je c t iv e s  o f  th e  p r e s e n t  in v e s t ig a t io n  w ere to  develop 
te c h n iq u e s  f o r  p re se rv in g  o y s te r s  and shrim p which would employ 
l i q u id  n i tro g e n  as  a  cryogen . I t  was d e s ir e d  to  o b ta in  f ro z e n  s h e l l ­
f i s h  w hich would r e t a i n  i t s  o r ig in a l  f la v o r ,  t e x tu r e ,  ap p earan ce , 
n u t r i t i v e  v a lu e  and consumer ac ce p tan ce .
I t  was th e n  n e c e s sa ry  to  m easure th e  s p e c i f i c  h e a t  o f  s h e l l f i s h  
in  o rd e r  to  de term ine a c c u r a te ly  th e  volume o f  l iq u id  n i t ro g e n  re q u ire d  
to  co o l a  g iv en  amount o f  s h e l l f i s h  to  a g iv en  te m p e ra tu re . Knowledge 
o f  th e  s p e c i f ic  h e a t  i s  a ls o  r e q u ire d  f o r  c a lc u la t in g  c o o lin g  and 
thaw ing tim e .
P re p a ra t io n  o f  S h e l l f i s h  f o r  T re a tin g  W ith L iq u id  N itro g e n
Shrim p: The shrim p used  in  th e  p r e s e n t  in v e s t ig a t io n  were caught
in  a n e t  from a t r a w le r .  A 35 f e e t  t r a w l n e t  was used  and th e  n e t  was 
em ptied  on th e  deck o f  th e  b o a t .  A long w ith  th e  sh rim p , a l l  k in d s  o f  
s ea  l i f e  were i n  th e  t r a w l .  T rash  f i s h ,  in c lu d in g  sm a ll and broken  
shrim p were s o r te d  o u t and d isc a rd e d . The s o r t in g  o p e ra tio n  was done 
a s  r a p id ly  as p o s s ib le  a f t e r  th e  n e t  was em ptied  so t h a t  th e  shrim p 
co u ld  be washed and deheaded. The c a tc h  o f  a p p ro x im a te ly  60 pounds 
was d iv id e d  e q u a lly  in to  th re e  p a r t s  and were s to re d  in :
( l )  c ru sh ed  ic e  in  th e  h o ld  o f  th e  b o a t ,
kd
(2 ) a  la rg e  s t a i n l e s s  s t e e l  ta n k  c o n ta in in g  a th r e e  p e rc e n t 
b r in e  m a in ta in ed  a t  28° to  32°F w ith  l iq u id  n i t ro g e n ,  and
(3 ) in  a la rg e  s t a i n l e s s  s t e e l  tan k  m ain ta in ed  a t  28° to  32°F 
i n  which shrim p were k e p t m o ist w ith  a  c i r c u l a t in g  sp ra y  o f l i q u id  
n i t ro g e n .
In  a n o th e r  s e r i e s  o f  ex p e rim en ts , a  c a tc h  o f  headed deveined  
shrim p o f  ap p ro x im a te ly  ^0 pounds was d iv id e d  in to  two e q u a l p a r t s .
The f i r s t  h a l f  was r a p id ly  fro z e n  b y  im m ersion in  l i q u id  n i tro g e n  
(F ig u re  l  ) ,  and th e  o th e r  h a l f  f ro z e n  by  c o n v e n tio n a l m ethods. The 
p ro d u c t t r e a te d  w ith  l i q u id  n i tro g e n  was f ro z e n  in  fo u r  m inu tes to  a 
tem p era tu re  o f  -10°F . Those f ro z e n  by  c o n v e n tio n a l means were p la ce d  
i n  a p la t e  f r e e z e r  a t  -20°F f o r  e ig h t  h o u rs . Both sam ples were packed 
and s to r e d  f o r  a  p e r io d  o f  tw o, fo u r  and s ix  months a t  0°F.
O y s te rs : The o y s te r s  used  in  th e  p r e s e n t  s tu d y  were o b ta in e d
from  p ack ing  p la n ts  in  th e  New O rleans a r e a ,  L o u is ia n a . The washed 
o y s te r s  o f  ap p ro x im a te ly  500 pounds were h au led  in  r e f r ig e r a te d  tru c k s  
to  th e  o y s te r  house . They were unloaded i n  th e  shucking  departm en t, 
where th e y  were shucked by  p ro fe s s io n a l  sh u ck e rs . The o y s te r  m eat was 
th o ro u g h ly  c lean ed  w ith  f r e s h  w a te r acco rd in g  to  F.D.A. r e g u la t io n s .  
D isc o lo re d  m ea ts, s h e l l ,  e t c . ,  were d isc a rd e d . They were th e n  d ra in e d  
on a c o la n d e r  f o r  f iv e  m in u tes . About 20 pounds o f  th e  c lean ed  o y s te r s  
were s to r e d  i n  i c e ,  and a n o th e r  20 pounds o f o y s te r s  w ere f ro z e n  in  
l i q u id  n i tro g e n  and packaged.
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Samples were removed f o r  i n i t i a l  ch em ica l, b a c te r io lo g ic a l ,  
h i s to lo g ic a l  and o rg a n o le p tic  s tu d ie s  a t  0 , 2 , 6, 8 , 10, 12, Inl­
and 16 days. F rozen  sam ples were w ithdraw n ev ery  two months f o r  s ix  
months f o r  s im i la r  t e s t s .
D e s c r ip tio n  o f  th e  Equipm ent
The equipm ent used  f o r  f re e z in g  s h e l l f i s h  by im m ersion in  l iq u id  
n i tro g e n  i s  as shown in  th e  F ig u re  i .  I t  i s  a conveyor c o n s is t in g  o f 
s l a t s  c a r r ie d  by two p a r a l l e l  c h a in s . The loaded  food c a r to n s  e n te r  
from one end o f  th e  equipm ent and a f t e r  b e in g  fro z e n  by im m ersion in  
l i q u id  n i tro g e n , th e y  a re  b ro u g h t o u t by  th e  o th e r  end by  th e  conveyor 
b e l t .  C artons o f  foods can be f ro z e n  c o n tin u o u s ly  i r r e s p e c t iv e  o f . t h e  
s iz e  o f  th e  food packages.
D e te rm in a tio n  o f  S p e c if ic  H eat o f  S h e l l f i s h  a t  C ryogenic Tem peratures 
S ince  l i q u id  n i t ro g e n  was used  d u rin g  th e  p r e s e n t  in v e s t ig a t io n s  
to  p re se rv e  s h e l l f i s h ,  i t  was n e c e s sa ry  to  c a lc u la te  th e  r e f r i g e r a t i o n
lo a d  re q u ire d  to  c o o l a  g iv en  w eig h t o f  s h e l l f i s h  to  a d e s ir e d  f i n a l
tem p e ra tu re . The s p e c i f i c  h e a t  v a lu es  were a ls o  u s e fu l  f o r  c a lc u la t in g  
c o o lin g  and thaw ing tim e .
The a p p a ra tu s  used  in  th e  p r e s e n t  experim en t was e s s e n t i a l l y  th e  
same a s  th e  one used  by  M oline e t  a l .  (1957). The equipm ent i s  s im p le , 
th e  p ro ced u re  i s  r a p id  and th e  r e s u l t s  a re  a c c u ra te .  A d e s c r ip t io n  o f
th e  a p p a ra tu s  i s  g iven  in  F ig u re  4 .
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Plug fo r  Removal 
o f  Specimen
Thermocouple to  
Recorder
Styrofoam C e ll
Frozen Specimen
Aluminum C ontainer
Figure 4  -  D escr ip tio n  o f  th e Equipment 
fo r  th e D eterm ination o f  the S p e c if ic  
Heat o f  S h e l l f i s h
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I t  c o n s is te d  o f  a  r e c ta n g u la r  b lo c k  o f  p o ly s ty re n e  foam m easuring 
9 .5  x  1 0 .2  x 25 .5  cm, th e  c e n te r  o f  which had a c y l in d r i c a l  h o le  w ith  a  
d iam ete r o f  1 .4  cm and h e ig h t  eq u a l to  20 .3  cm. An aluminum sample 
c o n ta in e r  was p lac ed  i n  th e  h o le . Care was ta k en  to  p re v e n t ra p id  h e a t  
t r a n s f e r  to  th e  sample by  in s e r t in g  a  p o ly s ty re n e  p lu g  a t  th e  to p  o f 
th e  c e l l .
The ap p a ra tu s  was c a l ib r a te d  by  u s in g  a  specimen o f  known 
s p e c i f i c  h e a t ,  s in c e  i t  was n e c e s sa ry  to  know th e  h e a t  lo s s  p e r  u n i t  
a re a  in to  th e  specim en d u rin g  th e  slow  warming p e r io d . For t h i s  
p u rp o se , a  copper probe (ASRE) w ith  a known s p e c i f ic  h e a t  and w eight 
was u sed . The h e a t  lo s s  th ro u g h  th e  p o ly s ty re n e  foam in to  th e  copper 
p robe was c a lc u la te d  by  draw ing a  g raph  o f  tim e a g a in s t  tem p era tu re  
w h ile  c o o lin g  in  l i q u id  n i tro g e n .
The h e a t  lo s s  1Q1 was c a lc u la te d  from th e  fo llo w in g  fo rm ula :
Q = ( s p e c i f i c  h e a t  o f  co p p er) (w eig h t o f  copper) ( r a t e  
o f  tem p era tu re  change)
where
Q = B.T.U.
S p e c if ic  h e a t  = B .T .U ./lb  °F
W eight = lb
R ate o f  tem p era tu re  change = °F /m inute (A T / t )
I t  was assumed t h a t  th e  h e a t  lo s s  in to  th e  c e l l  was th e  same a t  
any  g iv en  te m p e ra tu re .
The s p e c i f ic  h e a t  o f  th e  s h e l l f i s h  was determ ined  as  fo llo w s : The
specim en c o n ta in e r  was f i l l e d  w ith  a  known w eig h t o f  th e  sample and
co o led  r a p id ly  in  l i q u id  n i t ro g e n  (2 -3  m in u te s ) . When th e  e q u ilib r iu m  
tem p era tu re  was a t t a in e d ,  th e  c o n ta in e r  was removed and p la c e d  in to  th e  
c e n te r  h o le  o f  th e  p o ly s ty re n e  b lo c k . The b lo c k  was m ain ta in ed  a t  th e  
room tem p era tu re  b e fo re  th e  c o n ta in e r  was in tro d u c e d  in to  i t .  Temper­
a tu r e  a t  th e  c e n te r  o f  th e  sample was c o n tin u o u s ly  m easured w ith  a 
c o p p e r-c o n s ta n ta n  therm ocouple o v er th e  d e s ir e d  ran g e . The r a t e  o f 
tem p era tu re  change o f  th e  specim en c o n ta in e r  h o ld in g  th e  m a te r ia l  o f  
unknown s p e c i f ic  h e a t  was m easured. The s p e c i f i c  h e a t  o f  th e  specim en 
i t s e l f  was c a lc u la te d  making use  o f  th e  v a lu e  fQ '.
The s p e c i f i c  h e a t  o f  th e  e n t i r e  specimen (C_s ) a t  a g iven  tem per- 
a tu r e  was eq u a l to  th e  h e a t  lo s s  (Q) d iv id e d  by  th e  r a t e  o f  tem p era tu re  
change a t  t h a t  tem p era tu re  and th e  w eigh t o f  th e  specim en.
Q
Cps = TCaff)A](w8 )
where
CpS = th e  s p e c i f i c  h e a t  o f  th e  e n t i r e  system  (B .T .U ./lb  °F)
Q = h e a t lo s s  th ro u g h  th e  p o ly s ty re n e  foam (B .T .U ./m in)
£ ff /t  = r a t e  o f  tem p e ra tu re  change (d eg ree /m in )
Ws = w eigh t o f  th e  e n t i r e  system  ( lb s )
The s p e c i f ic  h e a t  o f  th e  unknown m a te r ia l  was c a lc u la te d  by 
s u b tr a c t in g  th e  h e a t  c a p a c i ty  o f  th e  aluminum c o n ta in e r  (CpaWa ) from  th e  
h e a t  c a p a c i ty  o f  th e  unknown m a te r ia l  p lu s  c o n ta in e r  (CpSWs ) and 
d iv id in g  t h i s  v a lu e  by  th e  w e ig h t o f  th e  unknown m a te r ia l  (Wx ) .
where
Wx = w eig h t o f  th e  unknown m a te r ia l  ( lb )
CpX = s p e c i f ic  h e a t  o f  th e  unknown m a te r ia l  (B .T .U ./lb  °p) 
c pa = s p e c i f ic  h e a t  o f  aluminum (B .T .U ./lb  °F)
Wa = w eig h t o f  th e  aluminum c o n ta in e r  ( lb )
The change in  s p e c i f i c  h e a t  v a lu e s  w ith  tem p era tu re  was determ ined  
by c a r ry in g  o u t th e  above c a lc u la t io n s  f o r  d i f f e r e n t  te m p e ra tu re s .
E q u a tio n s  f o r  C a lc u la t in g  F ree z in g  and Thawing Times
S e v e ra l in v e s t ig a to r s  have g iv en  d i f f e r e n t  fo rm ula f o r  c a lc u la t in g  
f r e e z in g  and thaw ing tim e . A s o lu t io n  f o r  th e  c a lc u la t io n  o f  th e  
tem p era tu re  d i s t r i b u t io n  th ro u g h o u t a mass in  which a change o f  s t a t e  
i s  o c c u rr in g  has been p roposed  by  Neumann (5 9 ) .  The p ro ced u re  i s  
d i r e c t l y  a p p l ic a b le  to  th e  c a lc u la t io n  o f  f re e z in g  and thaw ing tim e 
u n d er c e r t a in  c ircu m sta n ce s .
The e q u a tio n s  e x p re ss in g  th e  tem p era tu re  as  a fu n c tio n  o f  tim e 
and p o s i t io n  in  an i n f i n i t e  s la b  w ith  a change o f  s t a t e  as th e  m a te r ia l  
i s  b e in g  f ro z e n  a re  a s  fo llo w s :
where
vx = te m p e ra tu re  in  f ro z e n  s |c t io n
v2 = tem p e ra tu re  i n  thawed S ec tio n
Tx -• tem p e ra tu re  a t  which change o f  s t a t e  o ccu rs
Kx ,p x ,Cx = th e rm a l c o n d u c tiv i ty ,  d e n s ity ,  and s p e c i f i c  h e a t  
o f  f ro z e n  m a te r ia l
K2>P2>c 2 = th e rm a l c o n d u c tiv i ty ,  d e n s ity  and s p e c i f i c  h e a t  
o f  thawed m a te r ia l
X = d is ta n c e  from  s u rfa c e  o f  s la b
0 = tim e
X = f a c t o r  determ ined  from e q u a tio n  (3 )
V = i n i t i a l  tem p era tu re  o f  thawed m a te r ia l  
e r f  = e r r o r  fu n c tio n  
e r f c  = c o e r ro r  fu n c tio n  
To d e te rm in e  t n e \ ,  e q u a tio n  (3 )  m ust be so lv ed  by t r i a l  and e r r o r .
where L = l a t e n t  h e a t .
The fo llo w in g  ass\im ptions a re  made w h ile  d e r iv in g  th e se  e q u a tio n s .
I t  i s  assumed t h a t  th e  s u r fa c e  comes to  th e  tem p e ra tu re  o f  th e  
f re e z in g  medium im m ed ia te ly , and th e  s u r fa c e  te m p e ra tu re  i s  a t  0°F. I f  
th e  s u r fa c e  te m p e ra tu re  i s  o th e r  th a n  ze ro  on any te m p e ra tu re  s c a le ,  a 
f i c t i t i o u s  te m p e ra tu re  s c a le  m ust be employed so t h a t  i n  th e  f i c t i t i o u s
(3 )
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s c a le  th e  s u rfa c e  te m p e ra tu re  i s  a t  0 ° . The ahove te m p e ra tu re s  a re  
a p p l ic a b le  o n ly  f o r  foods w ith  h ig h  h e a t  t r a n s f e r  c o e f f i c i e n t s .
A more s im p l i f ie d  eq u a tio n  f o r  c a lc u la t in g  th e  f re e z in g  tim e i s  
worked o u t below . The e q u a tio n  has th e  p ro v is io n  f o r  th e  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  i n  c a lc u la t in g  f re e z in g  tim e .
where
0 = tim e f o r  f r e e z in g  to  be com pleted
^3- = l a t e n t  h e a t  p e r  u n i t  volume
T1 = th e  d if f e r e n c e  betw een th e  f re e z in g  tim e and tem p era tu re  
o f  th e  h e a tin g  medium
h = h e a t  t r a n s f e r  c o e f f i c i e n t
K = th e rm a l c o n d u c tiv i ty  o f  f ro z e n  s t a t e
d = th e  d iam ete r o f  sp h ere  o r  c y l in d e r ,  th ic k n e s s  o f  s la b
P = 1 /6  sp h e re , l / k  c y l in d e r ,  1/6 s la b
A m od ified  v e rs io n  o f  P la n k s ' b a s ic  eq u a tio n  was su g g ested  by  
Nagaoka e t  a l .  ( 58) f o r  th e  c a lc u la t io n  o f  f r e e z in g  tim e , w hich
c o n s id e re d  b o th  th e  i n i t i a l  and f i n a l  tem p e ra tu re . On th e  b a s is  o f
t h i s ,  th e  fo llo w in g  e q u a tio n  f o r  s h e l l f i s h  can be d e riv e d :
e -  [1 ♦ O . O O k k  ( T ^ ) ]  fp  g  ♦ 2 f )  ]  (5)
where
0 = f re e z in g  tim e
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Ti = i n i t i a l  tem p era tu re
T2 = f i n a l  tem p era tu re
T4 = tem p era tu re  o f  th e  medium
T3 = f i n a l  tem p era tu re  o f th e  f ro z e n  p ro d u c t
Z = h e a t  to  he removed from  s h e l l f i s h  in  lo w erin g  i t  from 
i n i t i a l  tem p era tu re  to  f i n a l  tem p era tu re
V = s p e c i f ic  volume o f  th e  i c e ,  cu f t / l b
h = h e a t  t r a n s f e r  c o e f f i c i e n t
K = th e rm a l c o n d u c tiv i ty  o f  th e  f ro z e n  m a te r ia l
and th e  v a lu e  o f  'Z ' was c a lc u la te d  from th e  fo llo w in g  e q u a tio n :
Z = Cw(Tx -T2 ) + Lf + C i(T 2 -T3 ) ( 6 )
where
Cw = s p e c i f i c  h e a t  o f  s h e l l f i s h  above f re e z in g  
L f = l a t e n t  h e a t  o f  fu s io n  (B .T .U ./lb )
Cf = s p e c i f i c  h e a t  o f  s h e l l f i s h  below f re e z in g
Chem ical A n a ly s is  o f  th e  F rozen S h e l l f i s h
The chem ical a n a ly s is  o f  th e  fro z e n  s h e l l f i s h  in c lu d e d  th e  
d e te rm in a tio n  o f  in d o le  and trirae th y lam in e  n i tro g e n .
I n d o le ; The in d o le  c o n te n t o f  each o f  th e  sam ples a t  d i f f e r e n t  
in t e r v a l s  o f  tim e was de term ined  by T u rn e r 's  method (1 3 ) .
T w enty -five  grams o f  th e  sample were w eighed in to  a  sm all b ea k e r . 
The w eighed p o r t io n  o f  th e  sample was added to  a q u a r t - s iz e  W aring 
B len d er bowl w ith  100 ml o f  5$ t r i c h lo r o a c e t i c  a c id  and 25 ml o f  w a te r ,
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and b len d ed  f o r  5 m inutes a t  h ig h  speed . The c o n te n ts  o f  th e  bowl wespe 
t r a n s f e r r e d  q u a n t i t a t iv e ly  to  a 250 ml v o lu m e tric  f l a s k  and d i lu te d  to  
volume w ith  w a te r . About 50 ml o f  t h i s  p r e p a ra t io n  were c e n tr i fu g e d  a t  
2500 r .p .m . f o r  5 m in u tes . Twenty m i l l i l i t e r s  o f  th e  c l e a r  s u p e rn a ta n t 
were t r a n s f e r r e d  in to  a  250 ml s e p a ra to ry  fu n n e l. Ten m i l l i l i t e r s  o f  
p e tro leu m  e th e r  were added and th e  c o n te n ts  were shaken v ig o ro u s ly .
The w a te r  l a y e r  was t r a n s f e r r e d  to  a n o th e r  250 ml s e p a ra to ry  fu n n e l to  
w hich was added 10 ml o f  p e tro leu m  e th e r  and th e  m ix tu re  was shaken,
The p e tro le u m  e th e r  f r a c t io n s  w ere combined i n  a  s e p a ra to ry  fu n n e l.  Tert 
m i l l i l i t e r s  o f  p -d im ethy lam ino  cinnam aldehyde re a g e n t were added to  th e  
combined e th e r  f r a c t io n s  and shaken v ig o ro u s ly . The c o lo re d  aqueous 
la y e r  was d ra in e d  in to  a  tu b e  and c e n tr ifu g e d . E ig h t m i l l i l i t e r s  were 
p ip e t te d  in to  K le t t  tu b e s ,  th e  re a g e n t added and a llow ed  to  s ta n d  f o r  
50 m in u te s , a f t e r  which tim e th e y  were re ad  in  th e  K le t t  u s in g  a  61+0 mu 
f i l t e r  No. 61+. The c o n c e n tra tio n  o f  th e  in d o le  was ex p re ssed  in  
m icrogram s o f  in d o le  p e r  100 grams o f  th e  sam ple.
T rim ethylam ine N itro g e n ; T rim ethylam ine n i tro g e n  c o n te n t o f  each 
sample was determ ined  by  a  m o d if ic a tio n  o f  th e  Dyer method (15)* Twenty- 
f iv e  grams o f  th e  sam ples were w eighed in to  a  sm a ll b e ak e r . The weighed 
p o r t io n  o f  th e  sample was added to  a  q u a r t - s iz e  W aring B len d er bpwl w ith  
100 ml o f  5$ t r i c h l o r o a c e t i c  a c id  and 25 ml o f  w a te r  and b len d ed  f p r  
two m inu tes a t  h ig h  speed . The c o n te n ts  o f  th e  bowl w ere t r a n s f e r r e d  
q u a n t i t a t i v e ly  to  a 250 ml v o lu m e tric  f l a s k  and made up to  volume w ith  
w a te r . About 50 ml o f  t h i s  p re p a ra t io n  were c e n tr ifu g e d  a t  2500 r .p .m .
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f o r  15 m in u tes. An a l iq u o t  o f  1 to  4 ml o f  th e  c l e a r  s u p e rn a ta n t was 
added to  g la s s  s to p p e re d  th iam in e  tu b es  and made up to  4 ml volume 
w ith  w a te r , 1 ml o f  10$ form aldehyde was added to  each  tu b e  fo llo w ed  
b y  10 ml o f  to lu e n e  and 3 ml o f  a  50$ p o tass iu m  ca rb o n a te  s o lu t io n .
The tu b e s  were s to p p e re d  and shaken f o r  1 m inute in  a  m echan ica l sh a k e r , 
The low er aqueous l a y e r  was removed by s u c tio n  w ith  a  g la s s  tu b e  drawn 
t o  a f in e  t i p .  The to lu e n e  la y e r  was d r ie d  w ith  anhydrous sodium 
s u l f a t e .  F ive  m i l l i l i t e r s  o f  th e  d r ie d  to lu e n e  p o r t io n  were th en  
added to  "S p ec tro n ic  20" tu b e s  c o n ta in in g  5 nil o f  0 .0 2 $  p i c r i c  a c id -  
to lu e n e  s o lu t io n .  The p e rc e n t  t ra n sm is s io n  o f  th e  ye llow  trim e th y lam in e  
p i c r a t e ,  which developed , was determ ined  w ith  a "S p ec tro n ic  20" 
c o lo r im e te r  a t  a wave le n g th  o f  400 m ill im ic ro n s . The c o n c e n tra tio n  
o f  th e  trim e th y lam in e  was ex p ressed  i n  mg o f  trim e th y lam in e  n i tro g e n  
p e r  100 grams o f th e  sam ple.
D e te rm in a tio n  o f B a c te r i a l  Counts o f th e  F rozen  S h e l l f i s h
B a c te r ia l  coun ts were made a s  e x p la in e d  i n  th e  S tan d ard  Method o f  
Food A n a ly s is  u s in g  n u t r i e n t  a g a r  as  th e  p la t in g  medium (8 2 ) . The 
hom oginate co n ta in e d  100 grams o f  th e  sample in  500 ml o f  w a te r and 
t h i s  was d i lu te d  1: if d i lu t io n  f o r  easy  p ip e t t i n g  o f  th e  th ic k  b len d ed  
m a te r ia l .
A Quebec Colony c o u n te r  was used f o r  co u n tin g . The b a c t e r i a l  p l a t e  
co u n t was ex p ressed  a s  th e  number o f c o lo n ie s  p e r  gram o f  th e  sam ple.
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H is to lo g ic a l  S tu d ie s  o f  th e  F rozen S h e l l f i s h
The in v e s t ig a t io n s  c a r r ie d  o u t had th e  aim to  determ ine th e  
in f lu e n c e  o f  th e  post-m artem  changes i n  an im al t i s s u e s  on i t s  
h i s t o l o g i c a l  s t r u c tu r e s  a t  f r e e z in g .  The h i s t o l o g i c a l  s e c t io n s  o f  
th e  f ro z e n  t i s s u e s  were p re p a re d  in  th e  c o ld  room. F ix a t io n  o f  th e  
s e c t io n s  w ere perform ed in  a  70 p e rc e n t  e th y l - a lc o h o l ,  and th en  
s ta in e d  i n  h e m a to x y lin e .
O rg a n o le p tic  S tu d ie s  o f  th e  F rozen  S h e l l f i s h
O rg a n o le p tic  r a t in g s  were made on th e  b a s is  o f  o d o r, appearance^ 
te x tu r e  and f la v o r .  Sw eetness was a t t r i b u t e d  f o r  t e s t i n g  shrim p 
q u a l i ty .  Code o f  sc o re s  a re  a s  fo llo w s :
(10) No change from th e  f r e s h  p ro d u c t o f  h ig h e s t  q u a l i ty .
(8 )  F i r s t  n o tic e a b le  s l i g h t  change i n  a t t r i b u t e s .
(6 )  M oderate degree o f  changed a t t r i b u t e s ;  in c re a s e d  i n  
i n t e n s i t y  and occurance from sc o re  o f  8.
(if) D e f in i te  o r  s tro n g  degree o f  changed a t t r i b u t e .
(2 )  Extrem e degree o f  changed a t t r i b u t e .
VI. RESULTS AND DISCUSSIONS 
S p e c if ic  H eat o f  S h e l l f i s h  a t  C ryogenic Tem peratures
W ith a  method f o r  m easuring s p e c i f ic  h e a t  a t  low te m p e ra tu re s , 
i t  was p o s s ib le  to  determ ine w hether th e  s p e c i f ic  h e a t  o f  a  complex 
system  such as  an im al t i s s u e  was r e l a t e d  to  i t s  co m p o sitio n . The 
s p e c i f ic  h e a t  was m easured a t  low te m p e ra tu re s , and th e  v a lu e s  were 
compared w ith  s p e c i f ic  h e a ts  o b ta in e d  by  com putation  from  th e  components* 
t h a t  i s ,  from th e  s p e c i f ic  h e a t  o f  each  component m u l t ip l ie d  b y  i t s  
f r a c t i o n a l  c o n c e n tra tio n  (T ab le  X).
The computed v a lu e s  a r e  c o n s is te n t ly  low er th an  th e  observed  
v a lu es  b y  a  f a c to r  o f  1 .1 1  -± 0 .03- The p o s s i b i l i t i e s  o f  v i t r e o u s  ic e  
fo rm atio n  i s  su g g ested  to  e x p la in  th e  d e sc re p a n c ie s  betw een th e  
observed  and computed s p e c i f i c  h e a t  v a lu e s  f o r  s h e l l f i s h .
The c o r re c t io n  f a c to r  f o r  th e  computed s p e c i f ic  h e a ts  o f  th e  
s h e l l f i s h  m easured i s  1 .0 9  ± 0 . 05*
C a lc u la t io n  o f  L iq u id  N itro g en  Consumption a t  C ryogenic T em peratures 
Assum ption
B a s is :  1 ,000  l b / h r  o f  shrim p (173*000 lb  o f  shrim p p e r  mpntb)
I n i t i a l  shrim p tem p era tu re  1+0°P
F in a l  e q u i l ib r a te d  te m p e ra tu re  o f  g laz e d  p ro d u c t 0°F
G laze o f  2 oz w a te r  p e r  lb  o f  shrim p m eat, o r  
0.125  lb  w a te r  p e r  1 .0  lb  o f  shrim p m eat
G laz in g  ta n k  w a te r  tem p e ra tu re  55°F
Shrimp m o is tu re  c o n te n t 83$
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TABLE X
S p e c if ic  H eat (Cp , B .T .U ./lb  °F) o f  O y s te r  and Sbrimp
Temp.
°F -4o £ 0 -20 -10 0 10 20 4o
ESa • 45 .45 .49 .55 .67 .89 1.71 .89 .88
E0b .47 .48 • 51 • 52 • 72 .89 •89 .89 .88
CSc .44 .41 .46 .49 .54 .74 1.52 .72 .76
C0d • 45 .45 .45 .50 .62 .70 .70 .70 .71
-  e x p e rim e n ta l d a ta  f o r  shrim p 
bE0 -  e x p e rim e n ta l d a ta  f o r  o y s te r s
cCS -  c o n s t i tu e n t  a n a ly s is  f o r  shrim p 
^CO -  c o n s t i tu e n t  a n a ly s is  f o r  o y s te r s
F ree z in g  p o in t
S p e c if ic  h e a t  above f r e e z in g  p o in t  




T h e o re t ic a l  R e f r ig e ra t io n  A v a ila b le  p e r  Lb o f  L iq u id  N itro g e n  
T em perature r i s e  i s  from -320°F to  +40°F 
L a te n t h e a t ,  Qi = 86 B .T .U ./lb
S e n s ib le  h e a t ,  Qs = 0 .2 5  (40 + 320) = 90 B .T .U ./lb  
T o ta l  h e a t  ab so rb ed , = 86 + 90 = 176 B .T .U ./lb
T h e o re t ic a l  R e f r ig e ra t io n  R equ ired  p e r  Lb o f  Shrimp
Cool shrim p to  28°F Ql “ (1 ) ( 0 . 86 ) (40-28) 10 .3
F reeze  shrim p a t  28°F Qa = ( 1 ) (0 .8 3 )  (144) 119.6
C ool shrim p to  0°F Qa = (1 )  (0 .4 5 )  (2 8 -0 ) 12 .6
Cool g la z e  to  32°F Q4 = (0 .1 2 5 ) ( 1 . 0 ) (33 -32 ) = 0 .1
F reeze  g la z e  a t  32°F Qs = (0 .1 2 5 ) (144) 18 .0
Cool g la z e  to  0°F Qe = (0 .1 2 5 ) (0 .4 8 )  ( 32- 0 ) = 1 .9
T o ta l  r e q u ire d  r e f r i g e r a t i o n  Q-̂  = 162 .5  B.T.U.
T h e o re t ic a l  L iq u id  N itro g e n  Consumption 
C-fc = 162 . 5/176  = 0 .923  lb  o f  l i q u i d  n i t r o g e n / lb  shrim p m eat
System  L osses and E f f ic ie n c y  F a c to rs
. F re e z e r  e f f i c i e n c y  i s  80$; t h i s  in c lu d e s  such a s :
h e a t  le a k  th ro u g h  th e  f r e e z e r  w a l ls ,  
e x f i l t r a t i o n  o f  co ld  n i t ro g e n  g a s ,
i n f i l t r a t i o n  o f  warm room a i r  (m a in ta in ed  a t  minimum), 
fa n  h e a t  iraput lo s s e s .
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b . ' S to rag e  ta n k  f i l l i n g  lo s s e s  a re  ap p ro x im a te ly  3# o f  th e  l i q u id  
n itro g e n  t r a n s f e r r e d  (97# t r a n s f e r  e f f i c i e n c y ) .
c .  S to rag e  ta n k  h e a t  lo s s  i s  e q u iv a le n t  to  0 .5 #  p e r  day lo s s  b ased  
on f u l l  ta n k  c a p a c i ty .  F or a  7 5 0 0 -g a llo n  ta n k  th e  lo s s  i s  7500 
lb  o f  l i q u id  n i t ro g e n  p e r  month.
d . T ra n s fe r  lo s s e s  from  s to ra g e  ta n k  to  f r e e z e r  (25 f t )  a re  575 
B .T.U . p e r  h o u r, w hich i s  e q u iv a le n t  to  2 .1 3  lb  l i q u id  n i tro g e n  
p e r  hou r o f  o p e ra t io n . For one s h i f t ,  5 days p e r  week o p e ra t io n , 
t h i s  lo s s  i s  e q u a l to  370 lb  l iq u id  n i t ro g e n  p e r  month.
e .  F re e z e r  c le a n in g  r e q u ire s  t h a t  th e  equipm ent be  warmed and th en  
coo led  to  o p e ra tin g  te m p e ra tu re s  once a  day. T his cool-down 
consumes ap p ro x im a te ly  4-200 lb  l iq u id  n i tro g e n  p e r  month.
C a lc u la te d  L iq u id  N itro g en  p e r  Month
T h e o re t ic a l  l i q u id  n i t ro g e n  consum ption
(173 ,500  lb  shrim p/m onth) ( 0 .923  lb  l i q u id  n i t r o g e n / lb  shrim p).
= 160,000  lb  l i q u id  n itro g en /m o n th
A c tu a l l i q u id  n i t ro g e n  consum ption
o . 8o ° /OQQ' + 7550 + ^200 
  ------------------------------------- = 219,000  lb  l i q u id  n itro g en /m o n th
A c tu a l l i q u id  n itro g e n  consum ption p e r  lb  shrim p
Ca = 219 ,000 /175 ,500  = 1 .2 6  lb  o f  l i q u id  n i t r o g e n / lb  shrim p
Summary o f  L iq u id  N itro g e n  Consumption
D a ily  = 10,100 lb  o f  l i q u id  n i t ro g e n  (14-0,000 c f  gas)
M onthly = 219,000 lb  o f  l i q u id  n i tro g e n  (3 ,0 0 0 ,0 0 0  c f  gas)
Chem ical A n a ly s is  o f  th e  F rozen S h e l l f i s h
The r e s u l t s  o f  in d o le  and trim e th y lam in e  o f  th e  f ro z e n  s h e l l f i s h
a re  p re se n te d  i n  Tables X I, X II, and X III .
TABLE XI
In d o le  C o n ten t o f  F rozen  S to re d  O yster0,
In d o le  C o n ten t (mcg/100 g)*3
Age in  C o n v en tio n a l F rozen  in  L iq u id  
Months R e f r ig e ra t io n  N itrogen
0 0 .7 2  0 .72
2 1.1k  1 .06
1+ k.OQ 2 .85
6 6.93 ^.76
aThe v a lu es  in  th e  t a b le  above a re  th e  
av erag e  o f  th r e e  sam ples; 2 0 .0  g o f  
each  sample was ta k e n  o u t o f  a  l o t  o f  
2 0 .0  lb s  o f  o y s te r .
^ In d o le  c o n te n t (mcg/100 g o y s te r ) :
2 = good q u a l i ty  
2 -8  = i n s i p i e n t  s p o ila g e  
8 = s p o ile d
TABLE XII 
In d o le  C on ten t o f  S to re d  Shrimp8,
 In d o le  C on ten t (mcg/100 g)^_____
Age i n  N2 in  B rin e  1T2 + H20
Days Ic e d  C o n tro l Immerson S pray
0 0 .0 0 0 .0 0 0 .00
2 0 .0 0 0 .0 0 0 .00
k l . k o 0 .0 0 0 .00
6 l . 6 o 0 .0 0 0 .00
8 2 .90 1 A 5 0 .8 0
10 . k .15 2 .0 0 1 .20
12 5 .30 2 .10 1 .45
Ik 8.10 3 .29 1 .80
16 11. k2 •'+ - 2 5 1.85
a In d o le  c o n te n t (mcg/100 g shrim p)
2 = good
2-8  = i n s i p i e n t  sp o ila g e
8 = s p o ile d
i.
The v a lu e s  in  th e  t a b le  above a re  th e  average 
o f  th r e e  sam ples: 20 .0  g o f  each  sample were
tak en  o u t o f  a l o t  o f  20 .00  lb s .
TABLE XIII
Trimethylamlne Content of Stored Shrimp8,
After Various Treatments
T rim ethylam lne (mg/100 g)*3
Age in  
Days
Ic e d
C o n tro l
U2 in  B rin e  
Im m ersion
N2 + EsO 
Spray
0 0 .0 0 0 .0 0 0 .0 0
2 0 .0 0 0 .0 0 0 .0 0
4 0 .0 1 0 .0 0 0 .00
6 0 .2 0 0 .0 0 0 .0 0
8 0 .35 0 .0 0 0 .00
. 10 0 . 6l 0 .15 0 .0 0
12 1 .2 0 0 .2 7 0 .15
Ik 1 .3 2 O.36 0 .2 1
16 1 .1*0 0 .7 0 0 A 7
aThe v a lu e s  in  th e  t a h le  above a r e  th e  average  
o f  th r e e  sam ples; 20 g o f  each  sample was tak en  
o u t o f  a  l o t  o f  20 .0  lb s .
^When h e a d le s s  shrim p a re  s to r e d  i n  d i r e c t  c o n ta c t  
w ith  i c e  a  trim e th y lam ln e  n i t ro g e n  va lue  o f  1 .5  
mg p e r  100 g shrim p o r  h ig h e r  i s  a d e f in i t e  
in d ic a t io n  o f  s p o ila g e .
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No sim ple and dependable t e s t s  f o r  s h e l l f i s h  q u a l i ty  a re  p r e s e n t ly  
a v a i la b le .  Extreme b io lo g ic a l  d i f f e r e n c e s ,  s e a so n a l v a r i a t io n s ,  and 
use  o f  th e  whole organism s in  th e  t e s t s  com p lica te  th e  a n a ly t i c a l  
p rob lem s. Need f o r  a  m easure o f  s h e l l f i s h  q u a l i ty  lo n g  reco g n ized  
b y  in d u s t r y  and p u b lic  h e a l th  o f f i c i a l s ,  has  prom pted numerous 
in v e s t ig a t io n s .  Most o f  t h i s  re a s e a rc h  has f a i l e d  to  f u l f i l l  th e  
n eed , b u t  t e s t s  f o r  in d o le  and trim e th y lam in e  n i tro g e n  have r e c e n t ly  
been  p roposed  a s  p o s s ib le  sp o ila g e  i n d ic ie s  f o r  s h e l l f i s h .  The 
sp o ila g e  i s  caused  by  th e  l i b e r a t i o n  o f  th e s e  compounds th ro u g h  th e  
a c t io n  o f  m icroorgan ism s. From a d e te rm in a tio n  o f  in d o le  and t r im e th y l ­
amine in  a f ro z e n  sam ple, i t  shou ld  be p o s s ib le ,  to  a r r i v e  a t  a  
n u m eric a l q u a l i ty  in d ex . From such d a ta  i t  would be p o s s ib le  to  s t a t e  
th e  le n g th  o f  tim e th e  p ro d u c t had been  s to r e d ,  i t s  p ro b ab le  f u tu r e  
s to ra g e  l i f e ,  w hether adequate  and c o r r e c t  method o f  r e f r i g e r a t i o n  
was u t i l i z e d  f o r  f r e e z in g  th e  sam ple, and i t s  q u a l i ty  a t  any g iv en  
i n s t a n t  (2 2 ) .
I t  was observed  b y  e x p e rim e n ta l r e s u l t s ,  t h a t  th e  s h e l l f i s h  f ro z e n  
b y  c o n v e n tio n a l r e f r i g e r a t i o n  had a  h ig h e r  in d o le  and trim e th y lam in e  
n i t ro g e n  c o n te n t compared to  th e  sam ples coo led  b y  l i q u id  n i t ro g e n ,  a t  
th e  end o f  each  t e s t  p e r io d . I n  a d d i t io n  to  t h i s  f a c t ,  th e  r a t e  o f  
fo rm a tio n  o f  th e se  compounds was more r a p id  in  th e  ic e  s to r e d  c o n tro ls  
th a n  th e  sam ples coo led  b y  l iq u id  n i t ro g e n .
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T o ta l  B a c te r ia l  Counts o f  th e  F rozen S h e l- lf ish
The t o t a l  b a c t e r i a l  coun ts  were l e s s  i n  th e  s h e l l f i s h  sam ples fro z e n  
b y  l i q u id  n i tro g e n  compared to  i c e  c o n tro l  a t  th e  end o f each  t e s t  p e r io d .
B a c te r ia  and moulds do n o t cause any t r o u b le  du rin g  th e  low tem per­
a tu r e  f r e e z in g  and s to ra g e  s ta g e s ,  as  th e s e  organism s a re  ren d e red  
dormant a t  low tem p e ra tu re s  and th e r e fo r e  do n o t  co n tin u e  to  m u lt ip ly  
(8 3 )* A la rg e  p e rc en ta g e  o f  th e  b a c te r i a  co n ta in e d  in  s h e l l f i s h  were 
k i l l e d  d u rin g  r a p id  f r e e z in g  by  l i q u id  n i tro g e n  and th e s e  v a lu e s  a re  
in d ic a te d  i n  t a b l e s . XIV, XV.
H is to lo g ic a l  S tu d ie s  o f  th e  F rozen  S h e l l f i s h
H is to lo g ic a l  s tu d ie s  showed t h a t  th e  p ro d u c t fro z e n  r a p id ly  
developed s m a lle r  c r y s t a l s ,  and le s s  p r o te in  c o n c e n tra tio n  th an  th e  
s h e l l f i s h  f ro z e n  by  m echan ica l r e f r i g e r a t i o n .  The s t a t e  o f  th e  
h i s t o l o g i c a l  s t r u c tu r e  a ls o  in f lu e n c e s  th e  c o n s is te n c y  and ap pearances 
o f  th e  m uscu lar t i s s u e .  The h i s to lo g ic a l  c h a r a c t e r i s t i c s  a re  connected  
w ith  th e  c a p a c i ty  o f  th e  t i s s u e  to  re -a b so rb  th e  m uscular ju ic e  d u rin g  
thaw ing . However, i t  sh o u ld  be  n o ted  t h a t  a l l  in v e s t ig a t io n s  concern ing  
h i s t o l o g i c a l  changes o c c u rr in g  a t  f re e z in g  r e f e r  to  one a s p e c t  o f  th e  
problem . I t  i s  th e  dependence o f  s iz e  o f ,  and number o f  i c e  c r y s t a l s  
on th e  f r e e z in g  r a t e .
The experim en ts  perform ed in  o u r l a b o r a to r ie s  were d esig n ed  to  
o b serve  th e  h i s t o l o g i c a l  s t r u c tu r e  a t  f r e e z in g .
S m alle r  i c e  c r y s t a l  fo rm a tio n  and l e s s  c o n c e n tra tio n  o f  th e  p r o te in  
r e s u l te d  i n  l e s s  d r ip  lo s s  upon thaw ing o f  th e  p ro d u c t f ro z e n  i n  l i q u id
TABLE XIV
B a c te r ia l  Count on F rozen S to re d  O yster
B a c te r ia l  C ount, C o lo n ie s /g a
Age in  C o n v en tio n a l F rozen in  L iq u id  
Months R e f r ig e ra t io n   N itro g en
0 25,000  21,000
2 22,000  17,000
4 36,000  18,000
6 20,000 11,000
aCounts in  ex cess  o f 1 m il l io n  in d ic a te  th e  
o n s e t  o f  s p o ila g e .
TABLE XV
Bacterial Counts on Stored Shrimp
After Various Treatments
B a c te r ia l  Counts C o lo n ie s /g  x 103
Age in  
Days Ic e d  C o n tro l
N2 i n  B rin e  
Imm ersion
N2 + Hs 
Spray
0 7 7 7
2 185 80 100
4 k20 154 180
6 950 290 340
8 2,200 510 600
10 5 , 100a 960 1,100
12 9,200 2 ,100 2,150
l4 16,500 4,700 3 ,500
16 24,500 9 ,100 5,^50
aCounts i n  ex cess  o f  5 m i l l io n  in d ic a te  th e  o n se t 
o f  s p o ila g e .
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n i t ro g e n .  F ig u re s  5 and 6 i l l u s t r a t e  th e  h i s to lo g ic a l  s t r u c tu r e  o f  
th e  shrim p fro z e n  b y  c o n v e n tio n a l r e f r i g e r a t i o n  and b y  l i q u i d  n i t ro g e n .
O rg an o lep tic  R a tin g s  on th e  F rozen S h e l l f i s h
The r e s u l t s  o f  th e  o rg a n o le p tic  s tu d ie s  a re  p re s e n te d  i n  T ables 
XVI, XVII and X V III.
O rg an o lep tic  r a t in g s  in  each  t e s t  a r e  th e  av e rag es  o f  a t  l e a s t  
100 in d iv id u a ls  who had a p r o fe s s io n a l  knowledge o f  judg ing  th e  changes 
in  s h e l l f i s h  o d o r, f la v o r ,  te x tu r e  and ap p earan ce .
Economics o f  U sing L iq u id  N itro g e n  as  a Cryogen f o r  th e  P re s e rv a t io n  
o f  Foods
A t p r e s e n t ,  th e  c o s t  o f  f re e z in g  w ith  l i q u id  n i tro g e n  p e r  pound 
o f  raw m a te r ia l  v a r ie s  betw een 7*5 c e n ts  to  9*0 c e n ts ,  compared to  
6 c e n ts  p e r  pound b y  c o n v e n tio n a l f re e z in g  m ethods. Com parative c o s ts  
o f  foods f re e z in g  b y  v a r io u s  p ro c e sse s  a r e  p re s e n te d  in  T ab le  XIX. 
However, more e f f i c i e n t  methods o f  p ro d u c in g  l i q u id  n i tro g e n  a re  
re p o r te d  by  s e v e ra l  r e s e a rc h  and developm ent departm en ts o f  v a r io u s  
food in d u s t r i e s  (3  )• I t  has  been  r e p o r te d  by  th e s e  o rg a n iz a tio n s  
t h a t  i t  i s  p o s s ib le  to  reduce th e  c o s t  o f  l i q u id  n i t ro g e n  by  s e v e ra l  
c e n ts  p e r  pound, making th e  c o s t  o f  l i q u i d  n i t ro g e n  food f r e e z in g  l e s s  
th a n  7 c e n ts  p e r  pound. T h is would b r in g  l i q u id  n i t ro g e n  w ith in  20 
p e rc e n t  o f  b e in g  c o m p e titiv e  to  o th e r  m ethods o f  r e f r i g e r a t i o n .  I t s  
un ique advan tages make p o s s ib le  c e r t a in  o th e r  sa v in g s  and im proved 
q u a l i ty  e i t h e r  o f  which co u ld  make i t  c o m p e titiv e . (T ab le  XX)
C onventional r e fr ig e r a t io n  (b ) Liquid n itro g en  fr e e z in g
(p r o te in  con cen tra tion  vas (p r o te in  was more uniform ly
observed) . d is tr ib u te d )
Figure 5 -  I l lu s t r a t io n  Showing the P ro te in  D is tr ib u tio n  
When Shrimp vas Frozen by Two D if fe r e n t  Methods
n| / \ A
(a )  C onventional r e fr ig e r a t io n  
(occurrence o f  b ig  i c e  
c r y s ta ls  v ere  n o tice d )
(b ) Liquid n itro g en  fr e e z in g  
(occurrence o f  sm all i c e  
c r y s ta ls  vere  n o tice d
Figure 6 -  I l lu s t r a t io n  Shoving the Formation o f  I c e  C ry sta ls  
When Shrimp Were Frozen b y  Two D if fe r e n t  Methods
TABLE XVI
Organoleptic Scores on Stored Shrimp
After Various Treatments
O rg a n o le p tic  Score
Age in  
Days Ic e d  C o n tro l
N2 i n  B rin e  
Im m ersion
n2 + h 2o
Spray
0 9*7a 9 .7 9 -7
6 8 .2 8 .5 8 .6
12 6 .3 7 .7 7 .5
16 3-9 6.k . 6 .1
O rg an o lep tic  r a t in g s  a re  av e rag es  o f  125 in d iv id u a ls ,  
and a r e  "based on o d o r, a p p ea ran ce , sw ee tn ess , f la v o r
and te x tu r e .
aCODE OF SCORES:
(10) No change from  th e  f r e s h  p ro d u c t o f  h ig h e s t  
q u a l i ty .
( 8 ) F i r s t  n o t ic e a b le  s l i g h t  change in  a t t r i b u t e s .
( 6 ) M oderate degree o f  changed a t t r i b u t e :  in c re a se d
i n  i n t e n s i t y  and o c c u rren c e  from sco re  o f  8 .
(4 )  D e f in i te  o r  s tro n g  degree  o f  changed a t t r i b u t e .
(2 ) Extrem e degree  o f  changed a t t r i b u t e .
TABLE XVII
O rg an o lep tic  S co res on Frozen  O y ste r
 Average O rg an o lep tic  S core8,______
Age i n  F rozen in  L iq u id
Months C o n v en tio n a l F reeze  N itro g en
0 9 .5 9-5
2 7 .9 Q.k
k 6.k 7 .5
6 k .2 6 .1
O rg an o lep tic  r a t in g s  a re  average  o f  116 in d iv id u a ls ,  
and a re  b ased  on o d o r, f l a v o r ,  te x tu r e  and ap p earan ce .
aCODE OF SCORES:
(10) No change from  th e  f r e s h  p ro d u c t o f  h ig h e s t  q u a l i ty .
( 8 ) F i r s t  n o t ic e a b le  s l i g h t  change in  a t t r i b u t e s .
( 6 ) M oderate degree o f  changed a t t r i b u t e :  in c r e a s e  in
i n t e n s i t y  and o ccu rren ce  from sco re  o f  8 .
(*0 D e f in i te  o r  s tro n g  degree o f  changed a t t r i b u t e .
(2 ) Extreme degree o f  changed a t t r i b u t e .
TABLE XVIII
O rg an o lep tic  S cores on Frozen Shrimp
_______ O rg an o lep tic_Score_________
Age In  C o n v en tio n a l F rozen in  L iqu id  
Months F reeze  N itro g en
0 9 .k  9 .k
2 7 .5  8 .5
k 5 .2  7 .6
6 3 .1  5 .3
O rg an o lep tic  r a t in g s  a re  av e rag es  o f  10^ 
in d iv id u a ls ,  and a re  b ased  on od o r, ap p earan ce , 
sw ee tn ess , f la v o r  and te x tu r e .
CODE OF SCORES:
(10) No change from th e  f r e s h  p ro d u c t o f  
h ig h e s t  q u a l i ty .
( 8 ) F i r s t  n o t ic e a b le  s l i g h t  change in  
a t t r i b u t e s .
( 6 ) M oderate degree o f  changed a t t r i b u t e :
in c re a s e d  i n  i n t e n s i t y  and occu rren ce  
from  sco re  o f  8 .
(^ )  D e f in i te  o r  s tro n g  degree o f  changed 
a t t r i b u t e .
(2 ) Extreme degree o f  changed a t t r i b u t e .
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A nother method o f  red u c in g  th e  c o s t  o f  l i q u i d  n i t ro g e n  i s  t h a t  o f  
i n s t a l l i n g  an o n - s i t e  l iq u e fy in g  system . Depending on th e  power c o s ts ,  
i t  lo o k s  as  though o n - s i t e  p ro d u c tio n  o f  l i q u id  n i tro g e n  co u ld  make 
th e  n i t ro g e n  system  d i r e c t l y  c o m p e titiv e  w ith  c o n v e n tio n a l r e f r i g e r a t i o n  
system s such a s  c o n ta c t  p l a t e s .  F o r th e  a c tu a l  f re e z in g  p ro c e ss  
e x c lu d in g  a l l  b u t  c a p i t a l  and energy  c o s t s ,  an  approxim ate c a lc u la t io n  
y ie ld s  a c o s t  o f  1 .3  c e n ts  p e r  pound o f  raw p ro d u c t f o r  l i q u id  n i tro g e n  
f r e e z in g  compared to  1 .2 5  c e n ts  by  c o n ta c t  p l a t e  f r e e z e r s .  One 
advan tage o f  l i q u id  n i t ro g e n  system  i s  i n  th e  c o s t  o f  b u i ld in g s .  I t  
i s  a h ig h  c a p a c i ty  system  and can accom plish  in  1 ,200  square  f e e t  th e  
same c a p a c ity  a s  a p l a t e  f r e e z e r  would r e q u ir e  in  10,000  sq u are  f e e t  
to  do. I n  a d d i t io n ,  c o n s tru c t io n  c o s ts  p e r  sq u are  f o o t  can be abou t 
o n e -h a lf  o f  th o se  needed i n  co n v e n tio n a l p ro c e s s e s . T h is w i l l  r e s u l t  
i n  a  h ig h  re d u c tio n  o f  i n i t i a l  c a p i t a l  re q u irem en ts .
A h ig h  p e rc e n ta g e  o f  th e  p r e s e n t  c o s t  o f  l i q u i d  n i t ro g e n  p r e s e n t ly  
m arketed  in v o lv e s  th e  d i s t r i b u t i o n  and h a n d lin g  c o s ts .  W ith growing 
demands f o r  l i q u id  n i t ro g e n  and w ith  th e  im proved methods o f  p roducing  
l i q u i d  n i t ro g e n ,  i t  i s  p o s s ib le  to  reduce rio t o n ly  th e  p ro d u c tio n  c o s ts  
b u t  a ls o  th e  d i s t r i b u t i o n  and h a n d lin g  c o s ts .  F ig u re  7 i l l u s t r a t e  
th e  h ig h  p u r i t y  n i tro g e n  demand f o r  th e  coming y e a r s .  W ith th e  
in c r e a s in g  use  o f  oxygen in  s t e e l  m aking, n i tro g e n  may become more 
a v a i la b le  s in c e ,  f o r  e v e ry  pound o f  l i q u i d  oxygen o b ta in e d , fo u r  pounds 
o f  l i q u id  n i t ro g e n  co u ld  be o b ta in e d  w ith  a r e l a t i v e l y  sm a ll a d d i t io n a l  
c o s t .  I f  th e  s t e e l  com panies b eg in  to  c o n s id e r  n i tro g e n  as  a  l u c r a t iv e
1 V ^  7  X  I O  I N C H E S  M A o r  IN  U . S . A .  •
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C om parative C osts  o f  Poods P ro c e ss in g
P ro cess  Used
F reeze  D rying
L iq u id  N itro g e n  F reez in g  (w ith  l iq u id  
n i t ro g e n  a t  3 c e n t / lb )
S tan d ard  F re ez in g
I r r a d i a t i o n  S t e r l i z a t i o n
D ehydrofree z in g
S tan d ard  o r  A se p tic  Therm al T reatm ent 
S pray  D rying 
Foam Mat D rying 
Drum D rying
P re s e n t  P ro c e ss in g  C ost 
P e r  Pound o f  Raw P ro d u c t8,
1 3 .8  c e n ts
8 .7
5 .8  
k . l  
3-3




aAssumes raw p ro d u c t 20 p e rc e n t  s o l id s ,  100 to n  p e r  day c a p a c ity ,  
5 months p ro c e ss in g  seaso n . In c lu d e s  en erg y  c o s ts  and t r a n s p o r ­
t a t i o n  c o s ts  from  W est C o ast to  E a s te rn  C e n te rs . C osts exclude 
payment f o r  raw m a te r ia ls ,  packag ing  m a te r ia l ,  h a n d lin g , i n s t a l ­
l a t i o n  and b u i ld in g s .
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b y -p ro d u c t, th e y  may b eg in  to  i n s i s t  on t h i s  added c a p a b i l i ty  b e in g  a 
p a r t  o f  th e  new l iq u e fy in g  system s in  th e  n e a r  f u tu r e .
The l i q u id  n i tro g e n  p ro c e ss  ap p ears  to  be m ost a t t r a c t i v e  f o r  
n o n -sea so n a l use  where i t s  c h a r a c t e r i s t i c s  o f  co n tin u o u s flow  can be 
u sed  to  g r e a t e s t  advantage and where change o v er from  one p ro d u c t to  
a n o th e r  does n o t d is r u p t  th e  p ro c e ss in g  l i n e  g r e a t ly .  I t  i s  te c h n i ­
c a l l y  a t t r a c t i v e  as a  f i r s t  phase p ro c e ss  f o r  item s w hich a re  in te n d e d  
f o r  th e  f re e z e  d ry in g  p ro c e s s . I t  i s  space s a v in g , can be used  a t  low' 
c a p a c i t ie s  and d o e s .n o t need to  be m atched w ith  a c o ld  s to ra g e . I t  
may a ls o  prove to  be an a t t r a c t i v e  a d ju n c t to  e x i s t in g  co n v e n tio n a l 
p la n t s  a s  a  sim ple e x p e d ie n t method o f  h a n d lin g  s e a so n a l su rg es  o f  
p ro d u c tio n , th u s  red u c in g  w aste  and a llo w in g  more ra p id  p ro c e ss in g  
o f  incom ing raw m a te r ia ls .
L iq u id  n i tro g e n  f re e z in g  m ight e a s i l y  compete w ith  o th e r  f re e z in g  
m ethods, b u t  t h i s  depends on red u c in g  p ro d u c tio n  c o s ts .
82
VII. SUMMARY
L iq u id  n i t ro g e n  has been  s u c c e s s fu l ly  used  f o r  th e  p re s e rv a t io n  
o f  s h e l l f i s h  (shrim p and o y s te r s ) .  C ooling  and f re e z in g  w ith  l iq u id  
n i tro g e n  d id  n o t  p roduce u n d e s ira b le  changes in  th e  p ro d u c ts . Chem ical, 
b a c te r io lo g ic a l ,  h i s to lo g ic a l  and o rg a n o le p tic  t e s t s  showed t h a t  th e  
s h e l l f i s h  s to r e d  i n  l i q u id  n i tro g e n  were s u p e r io r  to  ic e  s to re d  c o n tro ls  
and r e ta in e d  t h e i r  o r ig in a l  n u t r i t i o n a l  q u a l i t i e s .  The s h e l l f i s h  o f  
th e  cryogen f ro z e n  s h e l l f i s h  was ex tended  s e v e ra l  f o ld s .
S p e c if ic  h e a t  o f  s h e l l f i s h  was m easured to  de term ine a c c u ra te ly  
th e  volume o f  l i q u i d  n i t ro g e n  to  c o o l a  g iv en  amount o f  s h e l l f i s h  to  
a  g iven  te m p e ra tu re . The s p e c i f ic  h e a t  i s  a ls o  re q u ire d  f o r  
c a lc u la t in g  c o o lin g  and thaw ing tim e .
The f re e z in g  o f  food s tu f f s  b y  l i q u id  n i tro g e n  i s  an a t t r a c t i v e  
p o s s i b i l i t y .  The com bination  o f th e  low b o i l in g  p o in t  -320°P and 
th e  h ig h  h e a t  o f  v a p o r iz a t io n  (86  B .T .U ./lb )  i n  go ing  from  i t s  
b o i l in g  p o in t  to  0°P makes l i q u id  n i tro g e n  an e f f i c i e n t  r e f r i g e r a n t .
A f u r th e r  advan tage i s  th e  f a c t  t h a t  th e  n i t ro g e n  expands 6 0 0 -fo ld s  
i n  i t s  tra n s fo rm a tio n  from a l i q u id  to  a g a s , t h i s  c o ld  c o n s t i tu t in g  
an  e f f e c t iv e  medium f o r  co o lin g  a l l  p a r t s  o f  an e n c lo su re .
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